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PREFATORY NOTE. 

This Handbook is now divided into two Volumes. Vol. I contains the basic ‘'Magnetism and 
Electricity Theory up to and including the “ Oscillatory Circuit " ; Vol. II contains a treatment 
of “ W/T Theory.*' The whole is intended to act as a companion book to various sets of purely 
technical instructions. 

It will be found that certain paragraphs, or portions of paragraphs, are maiked with an asterisk 
and usually printed in smaller t 5 ^e, to indicate that they are of a more difficult nature than the rest 
of the book. Those who are unable to follow the treatment may omit them, without much detri¬ 
ment to the sequence of the argument. 

It will be noted that the various sections of Vol. II have been given characteristic reference 
letters. References in that index are given in terms of paragraph numbers and section letters, 
those in Vol. I being in terms of paragraphs only. 

In order to bring the unit of capacity into line with commercial practice, the use of the jat 
as the Service unit of capacity has been discontinued (A.F.O. 1552/37). It is to be considered as 
obsolescent for a few years, the farad and its sub-multiples gradually replacing it as the practical 
unit of capacity for standard use in the Service. 


NOMENCLATURE OF WAVES. 

In this Handbook, the range of frequencies of the aether waves used in wireless communication is 
sub-divided as follows : — 


Below 100 kc/s. 

100 1,500 kc/s. 
1,500-6,000 kc/s. 
6,000-30,000 kc/s. 
Above 30,000 kc/s. 


Low Frequencies (L.F). 

Medium Frequencies (M/F). 
Intermediate Frequencies (I/F). 
High Frequencies (H/F). 

Very High Frequencies (V.H/F). 


It has been a common practice in the past to refer to the oscillatory currents produced by these 
waves in a receiving aerial as H/F currents, and to differentiate them from the currents of audible 
frequency, produced after detection, by using the term L/F for the latter. It is obvious that this 
usage conflicts with the nomenclature in the table above ; hence in this Handbook the term radio 
frequency (R/F) is applied to all currents directly produced by an incoming signal, and the 
currents flowing after detection are called audio frequency (A/F) currents. 

It also frequently happens that an oscillatory current whose frequency falls within the wireless 
range is generated by the action of a receiver, e.g., in superheterodyne and quench receivers. When 
describing the action of such receivers it is desirable to distinguish these currents from the R/F 
currents produced by an incoming signal. The designation of supersonic frequency 
(S/F) currents has therefore been adopted for these currents. 

international classification of frequencies would be very desirable. On the basis of a 
C.I.R. recommendation, promulgated in French, a suitable nomenclature, likely soon to 
pted internationally, may be given in English as follows ; — 

Below 30 kc/s. 


30-300 kc/s. 
300-3,000 kc/s. 
3-30 Mc/s. .. 
30-300 Mc/s. 
300-3,000 Mc/s. 
3,000-30,000 Mc/s. 


Very Low Frequencies (V.L/F). 
Low Frequencies (L/F). 

Medium Frequencies (M/F). 
High Frequencies (H^). 

Very High Frequencies (V.H/F). 
Decimetre Waves (dc/W). 
Centimetre Waves (cm/W). 


ace 1st January, 1938, the latter classification has been adopted for standard USO in the 
















CONTENTS. 


SECTION “ A.” 

THE SPARK TRANSMITTER. 

The Obsolescence of the Spark Transmitter. Methods of Charging the Condenser. The Induction Coil_ 

its Construction, Action and Secondary Voltage. Condenser across the Interrupter. The Oscillatory 
Circuit, Limitations of an Induction Coil. The Attracted Armature Buzzer—its Action and Uses. 
Alternative type of Buzzer. The Motor-driven Buzzer—its Action. Charging a Condenser by the Alternator 
and Transformer Method. The Charging Circuit. The Condenser Voltage. Spark Train Frequency. 
Arcing and the Impedance Coil. Power taken in Charging a Condenser. Design of Spark Gaps. The 
Fixed Spark Gap. The Synchronous Rotary Gap. The Asynchronous Rotary Gap. The Quenched Gap— 
Theory of Quenching, Construction of the Gap. The Complete Charging Circuit. The Signalling Key. 
Safety Arrangements. The Low Tension Circuit. The High Tension Circuit. Safety Gaps. Back 
Oscillations, their Effects and Prevention. Design of the Oscillatory Circuit—the Condenser, the Inductance. 
The Aerial Circuit. The Aerial Ammeter. The Sciid-Receive Switch. Examination Questions. 


SECTION “B.” 

THERMIONIC VALVES. 

Historical Introduction—'The Fleming Valve. Multi-Electrode Valves. CoiistTuction of Thermionic 
Valves. Thermionic Emission—the Diode Circuit—the H.T. liattery. Construction of the Cathode, 
Tungsten Filaments. Thoriated Tungsten Filaments. Oxide ('oatea U'dnments. Indirectly Heated 
Cathodes. Materials for Grids and Anodes. Anode Rating of Valves. Valve Envelopes. Valve Scala. 
Importance; of the Vacuum—Ionisation. E\aLualion Proce.sses. MetallLscd Valves. Demountable 
Valves. Valve Failure—Signs of Age. Miscellaneous Valve Defects. The EniLssion Current. The Anode 
Current. The Diode—Uses of Hard and Soft Diodes. Introduction of the Grid—the Triode. Secondary 
Emission. Triode Characteristics—Valve Testing Circuit. Mutual Characteristics. Anode Characteristics 
—the Load Line. Numerical Example on the Load Line. Grid Characteristics. The Triode Constants. 
Mutual Conductance (gm)- Variable mu Valves. A.C. Re.sistancc or Impedance (ra). Amplification Factor 
(m or sometimes fi). llelation between gm, m. Valve Constants and Electrode Design. Total 

Change in L due to Simultaneous Changes in Vg and Vg. The Characteristic Surface. Dynamic Character¬ 
istics. Inter-electrode Capacity, The Screen-Grid Valve. The Pentode—Output and R/F Pentodes 
Frequency Changer Valves—Hexodcs, Heptodcs and Octodcs. Conversion Transconductance (gj) 
Multiple Valves—^Miscelliuieous Valves. Valve Symbols. Examination QuestlonB. 


SECTION “D.” 

Reception of electromagnetic waves. 

The Raw Material of W/T Communication. The Essentials of a Receiver. Necessity for a Detector. 
A/F and R/F Components. Production of Audible Sounds ; Modulation. Rectification ; Demodulation 
Series and Parallel Connected Detectors; CR Values. A simple Receiver having a Coupl^ 
Secondary Circuit. Numerical Example on Aerial Tuning. Tyjx-s of Detector.^ Ihc Crystal 
Detector. Characterisli'' Curves. The Diode Detector. The Double Diode. Ihe Triode as 
a Detector. Anotle Bend Detection. Anode Bend Detection of Weak Signals. Adjustments 
lor Anode Bend Detection; Characteristic used. ^Mathematical Note on the Square Law 
Detection of Weak Signals. The Grid Curreiii Detector; Cumulative Grid Detection. CR Value 
of the Grid I-»eak and Condenser Combination. Adjustment and mal-adjustment of the Grid 
Current Detector. The Moullin Voltmeter. ^Damping of the Grid Current Detector. The Push-Pull 
Detector. Reception of Continuous Waves (C.W.). Heterodyne Reception of C.W. Ihe Beat Frequency. 
^Mathematical Note on the Heterodyne Reception of C.W. Mathematical Note of Square Law Detecti^ 
of Heterodyned C.W. Oscillations. Reception of C.W. at H/F. Comparison between C.W. and Spark. 
Desi^ of Heterodyne Oscillators—Further use of the R/F Component. Reaction Necessary for ^ “ 
OsciUatioii. Conditions Limiting the Amplitude of Sell-oscillations. Reaction Receivers. Complete 
Circuit of a Receiver Employing a Separate Heterod^me Oscillator. Autodyne or Aulo-helerodyne circui . 



Contents. 


Comparison of Autodyne and Separate Heterod^me. Tuning Arrangements of Receiving Circuits. 
Selectivity and Response Curves ; " Q." Tuning the Aerial Circuit. Selectivity and Coupled Circuits ; 
Mutual Coupling. Percentage Coupling; Selectivity and Strength of Signals. Indirect Capacitive 
Couplings. Band Pass and Mixed Couplings. Selectivity with Combinations of Acceptor and Rejector 
Circuits, Receivers and Atmospherics. Assembly of the Receiving Circuit. The Telephones. Examina¬ 
tion Questions. 


SECTION F.” 

amplification—RECEIVER DESIGN. 

The necessity for Amplification—the Triode as Amplifier, Voltage Amplification and Power 
Amplification. R/F and A/F Amplifiers. Voltage Amplification Factor. Intcrvalve Coupling. Resist¬ 
ance-Capacity-Coupling. Values of Grid Condenser and Leak. Use of Negative) Grid Bias—Distortionless 
Class " A " Amplification. H.T. Voltage with Resistance Coupling. Numerical Examples on R/C Coupling. 
Resistance-Capacity Amplifiers—General Remarks. Choke-Capacity Coupling. V.A.F. with Choke- 
Capacity Coupling. Peaky Amplification. Tuned Anode Coupling. Numerical Examples on Choke and 
Tuned-Choke Coupling. Transformer Coupling and TunCvl Transformer Coupling. Transformer Step-up 
and Construction. *Transformor Coupling Theory. Permeability Tuning. A/F Amplifi.cation—the Note 
Magnifier. Power Amplification. *Maximnni Power Output for a Triode. ♦Maximum Power with 
Distortionless Amplification. A complete Receiver; Tuner, R/F Amplifier, Note Magnifier. Valves in 
Push-Pull. Class " A Push-Pull A/F Amplifiers. Class " B ” Push-Pull A/F Amplifier—Curvature 
Biassing (Q.P.P.). •Mathematical Note on Push-Pull Amplifiers. Valves in Parallel—Impedance 
Matching. Comparison of Various Forms of Power Output Stage. Use of Controllable Reaction in Amplifiers. 
Self-Oscillation in Amplifiers. Prevention of Self-Oscillation in Amplifiers. Tetrode Amplification. 
Pentode Amplification. Fdter Circuits. Note Filter Circuit. A Modem straight circuit Service Receiver. 
H/F Amplification. Difficulties of H/F Amplification. Methods of H/F Amplification. General Features 
of H/F Receivers. Reaction Receivers—for H/F Work. Threshold Howl in Reaction Receivers. TypicEil 
Service Reaction Receiver. Principles of Super-heterodyne Receivers. A M >dem L/F Superheterodyne 
W/T Receiver. Selectivity of the Superheterodyne Receiver—Choice of S/F. A Modern H/F Super¬ 
heterodyne W/T Receiver, Frequency Changing and Frequency Changer (Mixer) Valves. Principles of 
Super-regenerative Receivers. Service Types of Receiver. Quench Receivers. Reception of I.C.W. 
Signals. Choice of Quenching Frequency. Quench Reception of C.W. Signals. Self-Qucnching Receiver. 

^Effect of Incoming Signal. Reception of C.W. Signals. ♦Reception of I.C.W. Signals. High Speed 
Reception. Amplifier Noises. Examination Questions. 


SECTION H/* 

POWER SUPPLIES. 

General Requirements. The Diode Half-wave Rectifying Circuit. Full-Wave Rectification. Efficiency 
of a Rectifier Unit, ♦Elementary Discus.sion of the Design of the Smoothing Unit—Percentage Ripple. 
Overheating of the Anodes. Filament Arrangements. Equalising Arrangements. Transformer Secondary 
Voltage, Metal Rectifiers. The Mercury Vapour Rectifier. Voltage K<‘gulation in Rectified A.C. Supply 
Units. L.T. Voltage Stabilisation. H.T. Voltage Stabilisation. A Comprehcn.sive A.C. Supply Unit. 
Central W/T Power System. Examination Questions. ^ 


SECTION “K.^’ 

VALVE TRANSMITTERS. 

Historical Note ; C.W. Transmission. The Simplest Valve Transmitter. From Reaction Receiver 
to Oscillator. Phase Relations in the Simple Oscillator ; Self-oscillatory Criterion. A simple Oscillator 
Modified for Higher Power. Modified Phase Relations ; Oscillator as an Amplifier Providing ita own 
Input. Further Development of the Modified Oscillator; the Hartley Circuit. Evolution of the " Divided 
Circuit." The Colpitts Circuit. Power in the Oscillatory Circuit. Class " A " Operation : Theoretical 
Maximum Efficiency. Class " B" Operation: Efficiency with Working Point at the Lower Bend. 
♦Numerical Estimate of Efficiency with Class " B " Operation. Class " C " Operation : Working Point 
Beyond the Lower Bend. Automatic Bias for Class " B " and Class '* C " Operation. Provision of High 
Grid Excitation ; The Tuned Grid Circuit. Maximum Power Conditions ; Saturation Current, Anode 
Tapping Point; Impedance Matching. Coupling necessary for the Maintenance of Oscillations. The 
Building up of Oscillations ; Amplitude Reached. Classification of Valve Transmitter Circuits. Position 
of the Tuned Circuit. The Grid Excitation. The Nature of the Feed. The High Oscillating Potential 
Electrode. Aerial Excitation. Mutual Aerial Excitation. Indirect Capacitive Aerial Kvcitation. •Over- 

▲ 3 



Contents. 


coupling; Ziehen or Frequency Jump Effect. Practical Aspects of Ziehen Effect. Drying-out Ciij 
Increasing the Power; Multivalve ArrangementB. Valves in Parallel. Push-Pull Transmitting CiiJ 
Peculiarities of Self-oscillatory H/F Transmitters. Particular Self-oscillatory H/F Transmitters. Frequt 
Variation. Methods of Avoiding Frequency Variation. Master Oscillator Control. Neutralisati^ 
Master Oscillator Circuits. Master Controlled H/F Transmitters. Tuning Fork or Quartz Corf 
Mounting the Quartz Crystal. Typical Quartz Control Circuits. Frequency Multiplication Cir * 
Special Frequency Stabilised Circuits. *Mathematical Consideration of the effect of Va on the Freq, 
(Generated. Inadequacy of Deductions from a Linear Valve Characteristic ; Non-Linear Theory. 
Oscillatory Circuit with Capacitive Feed Back. Modulation ; Types of Wave, Methods of Modula^ 
Methods of Producing I.C.W. Self-oscillatory Valve Transmitting Circuit Complete. Methods of Signal] 
Primary Signalling. High Tension Signalling. Marking and Spacing Waves. Grid SignaUing; ]j 
Speed Methods. V.H/F Oscillations; Applications. Production of V.H/F Oscillations by Normal \’| 
Circuits. The Barkhausen-Kurz Oscillator; Electronic Oscillations. The Magnetron ; Early Form i 
Basic Theory. *Mathematical Note on Circular Electron Orbits. The Modem Split Anode Magne1| 
Examinutloii Questions. 1 


SECTION “ N/’ 

RADIO-TELEPHONY—SOUND REPRODUCTION. 

Essential Problems and Features of R/T. Advantages and Disadvantages of R/T. Speech and M 
Transients. The Human Ear. Requisite Modulating Frequency Limits. Requirements for R/T and Sr* 
Reproducing Apparatus. Essential Processes in Radio-Telephony. Types of Microphone. The Car 
Microphone, Moving Coil Microphones. The Condenser Microphone. The Piezo-Electric Microph', 
Modulation ; Terminology. Side Bands. Power in the Side Bands. Modulation; Alternative Met! 
of Transmitting Intelligence. Single-side Band Telephony—the Balanced Modulator. *]VlathBmal 
Treatment of the Balanced Modulator. Methods of Modulating. ” Choke Control Modulation. So 
Modulation. Grid Modulation of an Oscillator or Amplifier. Suppressor Grid Modulation. R/T RecBi\ 
The Perfect Detector—Linear Detection. The Diode Detector. ^Mathematical Note on the D 
Detector. Power Anode Detection. Power Grid Detection. Aerial and R/F Amplifier Circuits. B; 
Pass Filters. Volume Control—Back Coupling—Cross Modulation. Manual Volume Control. Autonr 
Volume Control. Simple A.G.C. Delayed A.G.C. Amplified Delayed A.G.C.—Quiescent A.G.C. V 
Operated A.G.C. Circuits, Voice Operated A.G.C. in a Service Type Public Address (Wa/T) Sys^ 
Automatic Grid Bias. Tone Control. General Principles of Tone corrector Circuits. Tone Correctio^ 
a Particular Case. A/F Amplification. The Output Stage. The Output Pentode—Power Output. 
Loading Push-Pull, or Class " A-B " Push-Pull. T 3 q)ical Straight Set R/T Receiver. Sound Reprodui.l 
Horn Tyjje Loudspeakers. Cone Diaphragm Type Loudspeakers. rx)udspcaker Driver Systems. Mo 
Coil Loudspeaker. Moving Iron Loudspeakers. Loudspeaker Networks—Impedance Matching. 
Line Working. Short, High Impedance Lines—Effect of L, C and R. Effects of Electrostatic Picl 
and Extraneous Noises. Long Lines. Gramophone Pick-Ups. Typical Modern Superhet Broad 
Receiver. Sensitivity, Selectivity, Fidelity. Privacy Systems of R/T. A modern Low Powered 
Broadcast K/T Transmitter. Examination Questions. 


SECTION P.” 

PROPAGATION OF ELECTROMAGNETIC WAVES. 

The General Medium of Propagation. Ground and Sky Waves. Various Media—the lonosph 
Reflection. Refraction. ^Mathematical Note. Dispersion. Total Internal Reflection. Reflection 
Refraction in Ionospheric Layers. Skip Distance—Day and Night Frequencies. Attenuation of Indi 
Rays. Electron Resonance—Critical Frequency. Polarisation and Phase Changes. Fading. 1 
Broadcast Transmissions—Service Area. Choice of Frequency for H/F Communication. Multiple Sigi 
—Echoes, Man-Made Noise—Atmospherics (Statics]. The Luxembourg Effect. Examination Queattoi 


SECTION " R.’* 

AERIALS, FEEDERS, DIRECTIONAL ARRAYS. 

Transmitting Systems. Basic Principles of Radiation. Velocity of Propagation. *Relation betw 
EJ^.U.'s and E.S.U.'s. Near and Distant Fields. Polarisation, Wave Front, etc. Numerical Exam 
^antitative Relations, Field Strength. Total Power Radiated. Radiation Resistance, Radial 
Height, Radiation Constant. Radiation Resistance in Special Cases. Communication Range. Gui 



Contents. 


'aves in Feeders and Aerials. Standing Waves. Standing Waves in a Long Vertical Aerial. Standing 
^aves in a Short Vertical Aerial. Image Aerials, the Function of the Earth. Standing Waves, a case of 
esonance. Aerial reactance. Aerial Tuning. The Roof of an Aerial—Aerial Capacity. Aerial Form 
actor. Aerial Capacity in L/F Aerials. I.oss Resistance. Effective Resistance. Aerial Efhciency. 
lip Aerials. Field Strength (X) at a Point within Range of the Direct Kay. Voltage produced in a 
eceiving Aerial. Typical Values of Field Strength. Numerical Exercises on Transmitting Aerials, 
erial Measurements—^Total Resistance, Effective Height, Power. Scale Models—the Principle of Similar 
erials. Masts for Shore Stations. Coupling the Aerial to the Transmitter. TransmLssion Lines— 
haracteristic Impedance. Types of Feeder Lines. Matched Systems. Polar Diagrams. Polar Diagrams 
>r Vertical Aerials. Polar Diagrams for Horizontal Aerials. Polar Diagrams for Flat Topped Aerials, 
.ultiple Aerials, Aerial Arrays. Principle of Spaced Vertical Aerials. •Formulae for Horizontal Polar 
'iagrams of Aerial Arrays. The Bruce type of Mesny Array. Marconi Franklin Series-phase Aerial. 
Advantages of Arrays, Array Gain. Beam Transmission. Marconi Beam System. Horizontal Arrays, 
mpire Broadcasting. The Beverage Aerial, or Wave Antenna. The Bruce inverted " V ” and Horizontal 
•iamond Aerials. Diversity Reception. Examination Questions. 


SECTION “T/* 

DTION FINDING. 

Directional Reception. Basic Principles. Polar Diagram of Reception. •Mathematical Analysis, 
‘he Frame Aerial. D/F Systems. Rotating Frame Coil Direction Finder. Antenna Effect of a Loop, 
^imination of " Vertical." Tuners and Receiving Apparatus. Screened Coils. Loop Aerial Direction 
inder. *Mathematical Analysis, Radio-goniometers. The Goniometer in a Ship. Fixed I'rame Coil 
)irection Finder. Comparison between Rotating Coil and Bellini-Tosi Systems. Instrumental Design. 
)etermination of Sense. •Mathematical Note. Sensefinder Design. •Mathematical Analysis. A Service 
ensehnder. Errors in Direction Finding. Night Effect. Aeroplane Error. •Mathematical Analysis, 
onvergency Correction. Coastal Deviation. Errors due to the Ship. Quadrantal Error. Semicircular 
-rror. Quadrantal Correctors. Semicircular Correctors. Typical Receivers. Calibration of a Ship’s 
)irection Finder. Direction Finders in Ships. Adcock Direction Finder. Octantal Error. •Mathematical 
analysis. Directional Transmission ; Radio Beacons. Examination Questions, 


SECTION “W.” 

MEASUREMENT—WAVEMETERS AND OSCILLATORS. 

Importance of Radio Frequency Measurement. Demand for Increased Accuracy. Principle of 
absorption Wavemeters. The Components of the Tuned Circuit. •Mathematical Note. Indicating 
devices. Comparison of Indicating Devices. Factors affecting Wavemeter Accuracy. Sharpness of 
"uning. The Constancy of the Variable Condenser and other Components. The Temperature Coefficients 
if the various Circuit Components. The Exterior Coupling between the Wavemeter and the Transmitter 
•r Receiver, A Modem Type of Service Absorption Wavemeter. Oscillators. Oscillator with a Self- 
Juenching I.C.W. Circuit. Uses of an Oscillator and Wavemeter Combination. Oscillator, with Separate 
!^/F Modulating Valve. Standard Frequency Transmissions. Tuning of Emergency Spark Attachments. 
Measurement of Aerial Inductance and Capacity. Examination Questlona, 


APPENDICES. 

:ndix a.—the decibel and the neper. 

Historical. Definitions. Cables, Amplifiers and Attenuators. Voltage Gain in Dbs. Absolute 
^ower above an Arbitrary Datum—Decibel Meters. The Human Ear Justifies the Decibel. The Unit 
^ower Ratio and the M.S.C. Logarithmic Response of the Human Ear—Fidelity Curves. Power in Sounds 
—Decibel Level—^Tone Control. The Loudness Unit—The British Standard Phon. 

ZNDIX B. —Conversion tables, mic-jars to kc./s. and wavelengths. 

3NDIX C. —Resuscitation from Apparent Death by Electric Shock. 

2NDIX D. —^W/T Text Books, Works of Reference and Journals. 

2NDIX E- —The Sign of Mutual Inductance. 



TABLE I. 

The Greek Alphabet is here given for reference, as many Greek letters appear In the Text. 


Letter. 

w 

Name. 

English Equivalent. 

Small. 

Capital. 

a 

A 

1 

Alpha 

a 

P 

B 

Beta 

b 

Y 

r 

Gamma 

g 

B 

A 

Delta 

d 

e 

E 

Epsilon 

5 (as in " met ”) 

i: 

Z 

Zeta 

z 


H 

Eta 

ee (as in " meet ") 

e 

0 

'Pheta 

th 

1 

I 

Iota 

i 

K 

K 

Kappa 

k 

X 

A 

Lambda 

1 

M- 

M 

Mu 

m 

V 

N 

Nu 

n 

5 

2 

Ksi 

X 

0 

0 

Omicron 

8 (as in " olive ") 

TT 

n 

Pi 

P 

P 

p 

Rho 

r 

CT 

2 

Sigma 

s 

T 

T 

Tau 

t 

U 

T 

Upsllon 

u 

0 


Phi 

ph 

X 

X 

Chi 

ch (as in " school ”) 


Y 

Psi 

ps 


n 

Smega 

□ (as in " broke ") 


TABLE II. 


Symbols for Quantities for Use In Electrical Equations, ete. 


Number, 

Quantity. 

Sign. 

I 

Length . . 

1 

2 

Mass 

m 

3 

Time 

t 

4 

Angles . . 

, e. ^ 

5 

Work or Energy 

w 

6 

Power . . . . . . . . . . . . .. > • 

p 

7 

Efficiency 

-n 

8 

Period . . 

T 

9 

Frequency 

/ 

10 

2tz X frequency 

u 

11 

Wavelength 

X 

12 

Phase displacement . , 


13 

Temperature, centigrade 

t or 0 

14 

Temperature, absolute 

T or 0 

15 

Quantity or charge of electricity 

0 

16 

Current 

1 

17 

Voltage (E.M.F. or P.D.) 

E or V 

18 

Resistance 

R 

19 

Specific Resistance or Resistivity 

P 

20 

Conductance .. 

G 

21 

vSpecific Conductance or Conductivity 

Y 

22 

Specific Inductive Capacity or Dielectric Constant 

K 

23 

Electrostatic Meld Strength ,, 

X 

24 

1 electrostatic Displacement or Flux Density 

D 

25 

Electrostatic Flux 

+ 

26 

Capacity 

C 

27 

Magnetic Pole Strength 

m 

28 

Permeability . . 


29 

IVTagnctic J^'ield Strength 

H 

30 

Magnetic Induction or Flux Density 

B 

31 

Magnetic Flux 

O 

32 

Magnetic Reluctance 

S 

33 

Magneto Motive Force 

G 

34 

Self Inductance 

L 

35 

Mutual Inductance 

M 

36 

Reactance 

X 

37 

Impedance 

2 

38 

Siisceptance 

B 

39 

Admittance 

Y 

40 

Base of Naperian logs 

e 

41 

Damping Factor 

X 

42 

Logarithmic Decrement 

S 

43 

Aerial Capacity 

a 

44 

Valve mutual conductance 


45 

Valve A.C. resistance (impedance) . . 


46 

Valve amphfication factor 


47 

Percentage modulation 

N 

4B 

Coil amplification factor (wL/R) 

Q 

49 

Velocity of E.M. Waves 

c 

























TABLE III, 


Dlstlngulahing Symbols for Constemt and Virtual Values of Quantities. 


Number. 

Quantity. 

Constant 

Value. 

Maximum 

Value. 

Arithmetic 

Mean 

Value. 

Virtual 

Value. 

Instan¬ 

taneous 

Value. 

1 

Potential Difference 

V 

V 


V 

V 

2 

E.M.F. 

E 

s 

E 

E 

0 

3 

Charge 

Q 

-2 

Q 

Q 

y 

4 

Current 

I 

J 

I 

I 

i 

5 

Flux 

a» 



<E» 

* 

6 

Magnetic Field 

H 


H 

H 

h 

7 

Electric Field 

X 


X 

X 

X 


TABLE IV. 


Prefixes for Multiples and Submultiples of Quantities. 


Number. 

Multiple or Submultiple. 

Name. 

Prefix. 

1 

10* 

Mega- 

M 

2 

10» 

Kilo- 

k 

3 

102 

Hekto- 

H 

4 

10-2 

C enti- 

c 

5 

10 =• 

Milli- 

m 

6 

10-" 

Micro- 

V- 

7 

10-“ 

Millimicro - 

m (I 

8 

10-12 

Micru-mici n 

KM- 


TABLE V. 

Signs for Units Employed after Numerical Values. 


Number. 

Unit. 

Abbreviation. 

1 

Ampere 

A 

2 

Volt . 

V 

3 

Ohm 

n 

4 

Coulomb . . 

c 

5 

Joule 

j 

6 

Watt . 

w 

. 7 

Farad 

F 

8 

llEjpry 

H 

9 

V’^att-hour 

Wh 

10 

Volt-Ampere 

VA 

11 

Ampere-hour 

Ah 

12 

Kilowatt . . 

kW 

13 

Kilo-volt-ampere ’ . . 

kVA 

14 

Kilowatt-hour 

kWh 

15 

Decibel 

db 
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THE SPARE TRANSMITTER, 

1. The Obsolescence of the Spark Transmitter.—The radiation of damped wave trains 
produces interference covering a wide frequency band. Owing to the limited number of available 
channels of communication in an $ther already overcrowded, international regulations have been 
devised to restrict and, gradually, almost eliminate the use of spark transmission. 

At the International Radio Telegraph Convention of Washington, held in 1927, an agreei<||iit 
was reached in the following general terms :— 

[а) The use of damped wave trains (Type B waves) emplo3dng frequencies below 375 kc/s. 

to be forbidden as from the 1st January, 1930. 

(б) No new spark transmitting installation to be fitted in a land or fixed station, shore 

stations being prohibited from using damped waves as from the 1st January, 1935. 

(c) No new installations for the emission of spark wave trains to be fitted in ships or in aircraft, 
as from the 1st January, 1930, except when the transmitters working on full power 
consume less than 300 watts measured at the input of the supply transformer, at 
audible frequency. 

{d) Use of spark transmission on all frequencies to be forbidden, as from the 1st January, 
1940, except for ship installations, fulfilling the conditions as to power referred to 
in (c). 

In the Service, a modern ship installation usually contains :— 

[e) A spark attachment, for use as a stand-by transmitter in the event of a complete 
breakdown of the valves or essential components of a valve transmitter. It usually 
obtains its power supply from the main transformer. 

(/) An emergency coil, designed for use when power from the ship's mains also fails. It 
consists of an induction coil and associated simple oscillatory circuits, and it derives 
its power supply entirely from batteries. 

These emergency transmitters are seldom used and are only included in a modem installation in 
order to provide “ a last line of defence.” 

2. Methods of Charging up the Condenser.—In the ” oscillatory circuit ” chapter of Vol. I 
We saw that a condenser in series with an inductance and a spark gap, if charged up to a voltage 
sufficient to break down the insulation of the spark gap, would give a high-frequency oscillatory 
current in the circuit. This current is damped out at a rate which depends on the losses in the 
circuit, and by using a suitable type of circuit it may be made to produce an electro-magnetic wave 
in the aether which carries energy to a distance. 

The effective duration of the oscillatory current, and hence of the oscillation in the aether, 
is very short, and, to render the apparatus effective for communication, it is necessary to have 
methods by which the condenser may be charged up to discharging voltage at regular intervals. 
The action mentioned above will then be repeated every time the condenser discharges across the 
spark gap, and will give a series of wave-trains occurring regularly. It will be seen, when we 
consider the question of reception, that the most suitable spark train fvequencies (i.e., the 
frequencies of the condenser discharges) are those which correspond to the frequencies of easily 
audible sounds (say, 250 to 1,000 cycles per second), and the various methods of regularly charging 
and discharging the condenser are designed to work at these frequencies. The methods used, 
which will be described in this chapter, fall under two headings ;— 

(1) Direct-current supply methods. 

(2) Alternating-current supply methods. 



Section A." 


e-4 


Direct-current methods are only suitable for low-power work, owing to the difficulty of 
obtaining high-voltage D.C. supplies. They all work on some sort of intermittent make-and-break 
principle, and will be described in detail under the headings of :— 

(а) Induction coil. 

(б) Attracted armature buzzer. 

(c) Motor-driven buzzer. 

The second type, using alternating-current supply, is universally used for large power work. 
The voltage of the alternator is usually stepped-up by a transformer, so that the method is referred 
to as :— 

(d) Alternator and transformer method. 

3. The Induction Coil.—If it is not convenient to run an alternator, owing to there not 
being a D.C. supply of high enough voltage or power available, or if it is required to work a small 
set off a low-voltage D.C. supply or accumulator, the induction coil may be used. 

The induction coil may be said to convert a D.C. supply into an intermittent current charging 
the transmitting condenser at a very much higher voltage than that of the supply. 




Induction Coil. 
Fil. 1. 





The induction coil method is used in the Service in some spark transmitters fitted as attach¬ 
ments TO continuous-wave transmitting sets for emergency purposes. 

4. Construction.—An induction coil consists of a primary coil of thick wire wound with a 
number of turns on an iron core composed of a bundle of soft iron wires. 

The primary coil is enclosed in an ebonite tube. Outside this again is the secondary coil, 
which consists of some miles of fine copper wire. 

It is built up of a number of flat coils or sections, made by winding the wire between paper 
discs in a spiral form. The coils are joined in series, inner ends and outer ends of coils being joined 
together alternately, so that the current flows in the same direction in each coil. 

By connecting them in this manner, there is no undue potential strain between the end of one 
section and the end of the next section to which it is joined. 

In series with the primary winding is joined the “ Interrupter " or “ Make and Break." 

This consists of a soft iron armature, secured to the top end of a flat steel spring whose tension 
can be adjusted by means of an ebonite wheel and adjusting screw. 

This armature is close to one end of the iron core, the play between the two being about 
l^-inch. 

The armature carries a small platinum contact. Close to the vibrating armature is a fixed 
standard canying an adjustable contact with a platinum tip. These contacts are, normally, held 
together by the tension of the spring. 
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Suitable terminals are provided to which the sending key should be joined. 

A condenser of large capacity is joined across the key and interrupter contacts ; its functions 
are explained below. 

Two resistances are joined in series with the D.C. supply in order to limit the voltage to a 
value suitable for working the coil. 

5. Action.—^When the key is pressed, a current flows from the main positive lead, through 
the key, across the interrupter contacts, through the primary winding, through the resistance 
and back to negative. The core of the coil is magnetised, and the armature is attracted to it 
The contacts of the interruptor are therefore suddenly separated, and the current through the 
primary falls to zero very rapidly. 

As soon as the primary current has died away, the armature will be released by the core, anij 
will fly back ; and so its contact will make connection again with the fixed contact. The primarj 
current will again start to flow, and the cycle of events be repeated. 

6. Secondary Voltage.—When the primary circuit is made, as indicated above, the priman 
current rises comparatively slowly owing to the big self-inductance of the primary coil. Ther 
are induced voltages set up in both the primary and secondary windings due to the changing curren 
and changing flux. In the primary the induced voltage is simply the counter E.M.F. of self-induction 
the maximum value of which is the value of the impressed voltage (at the beginning of the curren 
flow, when the current is zero, and the applied voltage is entirely balanced by the induced voltage) 

The induced voltage in the secondary while the primary current is growing can, therefore, hay 
a maximum value which is N times the primary applied voltage, where N is the ratio of the numba 
of secondary to primary turns. This secondary voltage is small compared with the voltage induce 
when the primary current is dying away, as we shall see. 

When the contacts of the interrupter are separated, the primary current falls to zero. Agai 
there are voltages induced in both the primary and secondary circuits due to changing curret 
and changing flux, but the presence of the large-capacity condenser results in the rate of change ( 
current and flux being much greater than during the period when the current is growing. Th 
secondary E.M.F., being given by the product of the number of turns and the nite of change c 
flux, is therefore much greater than during the growth of current. 

7. Condenser Action.—(1) The first function of the condenser across the interrupter is t 
minimise the sparking which tends to occur at the interrupter contacts. When the primary circu 



Primary Current and Secondary Voltage in Induction Coil. 
Fig. 2. 
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5 interrupted, the counter E.M.F. of self-induction due to the current decreasing would tend to 
Mep the current flowing across the small gap that forms. Instead of this happening, the counter 
i.M.F. charges up the shunting condenser which had previously been short-circuited by the inter- 
upter, and which, being of large capacity, does not rise to a high potential. The potential across 
he gap is therefore limited, and sparking is avoided. The break between the contacts is cleaner 
ind a higher E.M.F. is induced in the secondary. 

(2) As the condenser discharges, its discharge current opposes the primary current and helps 
t to die away. The circuit in which the primary current decays is really a highly damped oscillatory 
:ircuit and if the resistance is not too large, a damped oscillation will be set up. In any case, the 
‘ate of decay of current and flux is increased. 

For these two rea.sons, the E.M.F. induced in the secondary coil during the period of decay of 
he primary current is much greater than that induced during the period of growth of the primary 
:urrent, the determining factor being the rate of change of current. 

In both cases, of course, the secondary voltages depend on the amplitude of the primary current 
ind its attendant flux, and the number of turns in the secondary. 

A figure is appended, showing the variation of primary current and induced E.M.F. in the 
secondary circuit. 

8. The Oscillatory Circuit. —Let us connect the secondary of an induction coil to an oscillatory 
'ircuit, consisting of a condenser, an inductance, and a spark gap. When the interrupter breaks the 
jrunary circuit, the very high induced E.M.F. in the secondary charges the condenser to such a high 
voltage that a spark takes place between the balls. 

The high resistance of the gap having now been bridged by a spark, the condenser discharges 
hrough the inductance and the spark gap, and a high-frequency oscillatory current is set up in the 
ircuit, and energy is radiated. 

This action takes place at each break of the interrupter. 

The frequency at which wave-trains are radiated is determined by the mechanical constants 
)i the system—the tension of the spring and the position of the armature, etc 

9. Limitations of an Induction Coil.—Although an induction coil may produce a momentary 
/oltage of as much as 150,000 volts, yet it is not a very effective means of charging up a condenser 
or the reason that the duration of the high secondary voltage is very short. 

Ihe charging ciicuit consists of a condenser C being charged through a resistance R„ the 
resistance of the secondary winding. 

It was seen in Vol I that, in such a case, the time taken to charge up the condenser is propor- 
ional to CK„, the time constant of the ciicuit 

Since the duration of the high secondary voltage is short, CR, should be small to enable the 
:ondenser to be charged to a high potential. C is fixed by H/F oscillatory conditions, and therefore 
R, should be small The secondary winding must, however, have a large number of turns of fine 
vire, and so R, in practice is large. Hence an induction coil is only suitable for charging up a 
comparatively small condenser ; the energy isolated in the oscillatory circuit for each wave-train 
s small and the timount of energy radiated is correspondingly small. 

This rhatter may be described somewhat more precisely as follows :— 

The energy stored in the field of the primary winding is given by— 

W = J LI*.where I is the battery current. 

At the “ break," the field collapses and the stored energy is transferred to the secondary winding 
j/ithin the i)eriod " of the hammer. 

j It will be assumed that the effect of this is to produce a large charging current " that may 
e regarded as constant for the short time “ which is governed by the rapidity of the break. 
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Some of the transferred energy will be dissipated in ohmic losses, and some will go to the 
condenser, hence 

W = J CV2 + t'a R^. 

But i ^ = Q, the charge in the condenser, and Q = CV. 

rav^R 

tt___ \TT 1 r'xra I ^ ^ 


Hence, 


W = J CV* + 


. . Energy in condenser = | CV* = / ^ \... (1) 

V'^2-^- ) 

Expressing t in terms of the time constant; if it were 2CR^, the energy stored in the condensei 
would be only half of that available in the primary winding. 

10. The Attracted Armature Buzzer.—^Another mi^thod of energising an oscillatory circuit 
is by means of a buzzer. This is illustrated in Fig. 3. 



Typical Buzzer. 


Fig. 3. 


Here wc have a fixed contact A, and a contact B carried on an armature which is free to vibrate. 
A and B are, normally, held together by a spiral spring D. 

Joined to B and A are two coils of high inductance, and L^. 

This arrangement constitutes the buzzer. A D.C. source of supply is joined to Lj and Lg, 
and is made and broken by a signalling key. 

Across the make and break AB is joined a circuit, LC. 

11. Action.— [a) When the key is pressed, current flows through Lg, across the contacts AB, 
and back through Li- The cores of and Lg are magnetised and attract the armature B away 
from A. 


(6) When the D.C. circuit is suddenly broken at AB, the current cannot suddenly cease owing^ 
to the high inductance of the coils Lj and Lg, so that the condenser C is charged up by the inductive 


make BfVVAK 






kick from and Lg, the right-hand plate being 
charged positively and the left-hand one negatively. 

The energy that was stored in the magnetic fieldsi 
roimd Li and Lg is transferred to C when the current* 
in Lj and Lg has been reduced to zero. ] 

(c) The cores of and Lg being demagnetised,, 
the moving contact flies back towards the fixed 
contact. 


! I'! 

I * i 

I I 

1 I 

I I 

^ Fig. 4. ^ 

condenser C, the inductance L and the small 



Wlien the two contacts are nearly together* 
again, the P.D. between the condenser plates causef 
a spark to pass across the small gap so formed, anrj 
the discharge of the condenser C sets up a high 
frequency oscillation in the circuit formed by the 
spark gap between A and B. 
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(i) When A and B touch once more, a direct current will flow through Lj and L 2 , and the 
operation will continue. 

This action may be summarised as in Fig. 4. 

The thick line illustrates the slow rise of the direct current through Lj and L 2 at the moment 
of "make," because of their self-inductance; and the sudden fall of the direct current at the 
moment of " break," because of the P.D. across the condenser C at this moment. This is tending 
to send a current in the opposite direction to that flowing in the inductances and so the latter 
current decays more quickly than it rose. The condenser in the oscillatory circuit performs, from 
this point of view, the same function as the shunting condenser used with the induction coil. 

'Die thin line shows the voltage applied to the condenser C at the moment of " break " and 
the high frequency oscillation set up in the circuit LC. 

It is important to arrange the mechanical constants of the circuit correctly, so that, when the 
two contacts are nearly together and a spark is due to take place, the condenser will be charged up 
to its maximum voltage. 


12. The above method of energising an oscillating circuit has been used extensively :— 

(fl) To energise a transmitting oscillator, when only a comparatively short range is required. 
(6) To energise receiving circuits for testing or tuning purposes. 

(c) For laboratory work. 


An advantage of this method of energising a transmitting oscillator is that, with reasonably 
loose couplings, only one wave is emitted from the aerial, and not two waves (due to interaction of 
primary and aerial circuits) as previously described. 

The spark in the primary oscillatory circuit is extinguished in an exceedingly short time because 
the large mass of metal in its vicinity is very efficient in conducting away the heat which normally 
sustains the ionisation in the gap. Thus the primary is put on open circuit and no energy is 
^transferred back to itirom the aerial circuit. The high-frequency oscillation continues in the aerial 
circuit alone at the natural frequency of the latter. This type of action is known as “ quenching,” 
and will be considered later with respect to a special t^^pe of spark gap which effects it very efficiently. 


13. Another Type of Buzzer. —The circuit is shown in Fig. 5. When the switch is made 
jthere is a closed circuit through the oscillatory inductance, buzzer coil and buzzer contacts. The 
buzzer coil is energised and separates the contacts. 

At the “ break of the current, the size of the E.M.F. set 
up across the buzzer coil is limited in value by means of the 
parallel resistance of 100 ohms. The effect is to produce a small 
but rapidly quenched spark between the buzzer contacts. The 
hammer end of the buzzer coil tends to remain at positive battery 
potential (Lenz s law), and the other end tends suddenly to fall 
below the potential of the negative end of the battery, thereby 
causing the condenser to become charged and a damped radio- 
frequency oscillation takes place in the LC circuit. 

It should be noted that the P.D. limiting resistance is short-circuited through the buzzer coil 
when the contacts are together and, therefore, does not reduce the exciting emrent from the battery. 


g—— 

«L- IwwwswJ 




Fig. 5. 


14. The Motor-driven Buzzer. —A motor buzzer is a more efficient method of energising 
ran oscillating circuit than the attracted armature type of buzzer. 
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It may be illustrated diagrammatically as follows 

■-(S 

(o 

^ _ 


L, 



Fig. 6. 


W represents a wheel driven round at a high speed by a small motor. In its edge are set a 
number of insulating segments of mica. 

Bearing on its edge and on its side are two brushes, B^ Bg, across which is joined the oscillating 
circuit LC. 

Joined to the two brushes are two coils of large inductance Lj and Lg. 

A D.C. source of supply, interrupted by a hand key, is connected to the two inductance coils. 

15. Action. —The action of this type of buzzer is very much the same as that of the attracted 
armature type previously described. 

[а) When brush B^ is bearing on a conducting segment of the wheel a steady current will 

flow through and back through Lg. 

(б) When the insulating segment on the wheel comes under brush B^, connection between 

the brushes is broken. The counter E.M.Fs. of and Lg (due to the magnetic fields 
set up round them by the current) will charge up condenser C. 

(c) When the gap between brush B^ and the next edge of the conducting segment is small 
enough, the condenser C will discharge in a high frequency oscillation, a small spark 
gap being formed across a portion of the surface of the insulating segment. 

This sparking should occur on the under side of the brush. If it occurs above the brush it 
indicates that the wheel is dirty or that excessive power is being used. 

Fig. 4 will serve to illustrate also the action of the motor buzzer. The period marked “ make " 
is that during which the brush is bearing on a conducting segment, and the period marked “ break " 
that during which the brush bears on an insulating segment. 

This design of buzzer, like the previous type, produces a Quenched Wave. 

With this type of buzzer, as with the attracted armature buzzer, it is important to arrange 
the circuit so that the current falls to zero, and the condenser C is therefore charged up to its 
maximum voltage, when the gap between the brush and the next conducting segment is small 
enough for a spark to take place. 

During the period of break the circuit L^, L, C, Lg is effectively an oscillatory circuit with a 
steady source of supply; the current will fall to zero and the condenser charge up, in a period 
which is about a quarter of the natural period of oscillation of this circuit. and Lg should be 
so arranged, therefore, that the duration of “ break '' should be just less than this quarter-period 
The condenser will then be at its maximum voltage when the spark is due to take place. 

Power may be reduced by inserting series resistances in the supply circuit. 
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16. The brushes should bear as hrmly as possible on the surface of the wheel, and the standards 
on which they are mounted should have no play in them. 

Excessive sparking at the brush, loose brush holders, or a pitted or dirty wheel may cause a 
bad note and loss of range. 

The condenser is charged and discharged every time the brush bears on an insulated segment. 
Therefore, the number of times per second the condenser is charged, is equal to the speed of the wheel, 
in revolutions per second, multiplied by the number of insulating segments. 

17. The Alternator and Transformer Method.—^The methods hitherto described for 
charging up a transmitting condenser are only used under the special conditions referred to. 

The almost universal practice for energising spark oscillatory circuits of ^ kW. sets and upwards 
is to use an alternator or rotary converter and transformer. 

It is essential to charge the condenser up to a very high voltage, for otherwise an excessively 
big condenser would be needed to store up a reasonable quantity of energy (Energy = ^ CV^), 
which would mean that only large LC values could be obtained in the oscillating circuit. We might 
proi&uce this voltage directly from some high voltage alternator, but such machines are very 
difficult and expensive to construct, and are not at all efficient; also, the whole circuit would have 
to be very carefully enclosed to prevent fatal shocks being taken off it. 

Fortunately, it is a very easy matter to increase the voltage of an alternating current by 
utilising a step-up transformer. 

Our simplest arrangement is then as shown in Fig. 7, namely, a low voltage alternator (or 
rotary converter) of a power suitable for the set we are using, delivering its alternating current at a 
frequency depending on the number of its poles and the speed at which it is run. 


I 



The circuit as shown may be divided into— 

(а) Low Tension circuit, and High Tension circuit. 

(б) Charging or Low Frequency circuit, and oscillatory or High Frequency circuit. 

[a) Low-tension Circuit.—This includes everything to the right of the transformer in Fig. 7. 
*^From the terminals of the alternator, current will flow through the primary of the transformer and 
^^across a signalling key of some sort. The impedance coil will be described later. 

High-tension Circuit.—This includes the secondary of the transformer and everything to 
the left of it in Fig. 7. The secondary terminals are connected to the oscillatory circuit, which 
consists of a condenser, spark gap, and inductance. The current flowing from the secondary 
-terminals of the transformer will be a small one at a high voltage, and at the same frequency as 
^hat of the alternator. 

fi (6) Charging Circuit. —In Fig. 7 this means the condenser and everything to the right of it. 
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Oscillatory or H/F Circuit. —^This means the condenser, spark gap and inductance. 

Note .—As regards the arrangement of the oscillatory circuit, it is a matter of indifference 
whether we take the transformer leads to each side of the condenser, or 
to each side of the spark gap, as in Fig. B. 

In the latter case the charging current flows through the transmitting 
inductance. Both arrangements may be found in practice. 

18. The Charging Circuit.—It has been customary to consider the 
charging circuit from the point of view of resonance, and to show 
theoretically that the condenser will be charged up to the maximum 
voltage if the charging circuit is made resonant to the frequency o< the 
alternator. On this assumption the impedance coil was regarded as a 
variable inductance which tuned the charging circuit, the latter being considered as a single circuit 
in accordance with the theory by which inductance or capacity on the secondary side of a trans¬ 
former can be given an equivalent value and transferred to the primary side (see Vol. I). In sets 
btiU in use in the Service, however, the LC value of this equivalent single circuit, even with the 
minimum setting of the impedance coil, is always greater than the CL value which would correspond 
to the frequency of the supply, so that the theory of resonance of the charging circuit is not borne 
out in practice. It will be seen that the function of the impedance coil in the practical case is 
really to act as a regulator of the voltage impressed on the primary of the transformer, and in 
addition to assist in preventing what is known as arcing.'" 

19. Condenser Voltage.—Let us assume that the circuit is made at the beginning of a cycle 
of alternator voltage. A current will start to flow in the charging circuit and the voltage across the 
condenser will start to build up. From the theory at the end of the Oscillatory Circuit Chapter 
(Vol. I) the conditions at first will be “ transient ** ; in other w^ords, the graphs of current and voltage 
to begin with will not be sinusoidal, but will be the resultant of a sine wave (representing the final 
conditions of forced oscillations), and a damped wave at the natural frequency of the circuit (repre¬ 
senting free oscillations). 

The complete wave form will be of the type shown in Fig. 9. 




I'lG. 9. 
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When the transient stage is over, the curve representing (Jurrent will be a sine wave, lagging on 
the alternator, voltage by a definite phase angle, while the voltage across the condenser will also be 
sinusoidal in form and lagging by 90° on the current. 

These final conditions are not, however, of importance, because the spark gap is adjusted so 
that it breaks down at some voltage less than the final maximum value, for example, at point A in 
the figure above ; under these circumstances, the transient conditions recur again after the spark 
gap breaks down, and the initial current and voltage variations are repeated. 

20. Spark Train Frequency. —Let us consider in detail what happens when a spark occurs. 
We shall take first the simple case of a fixed spark gap. By this is meant a gap in which the plugs 
are^xed relatively to each other while sparking is taking place, but whose distance apart can be 
varied before the transmitting key is pressed. Let the spark gap be set at such a distance that the 
voltage across the condenser, and hence across the gap, corresponding to that at point A (Fig. 9), 
breals down the insulation of the gap. 

An oscillatory action takes place in the high-frequency circuit, the spark gap being now 
equivalent to a resistance. Energy is transferred by means of the mutual coupling to the aerial 

circuit, and a certain proportion is radiated into space in the form of 
electro-magnetic waves. The time during which the oscillatory 
action occurs is very small indeed compared with that of one cycle 
at the frequency of the alternator, so that the curve representing 
voltage across the condenser during the charging period and the 
consequent oscillatory discharge will be somewhat as shown. 

The voltage across the condenser when the discharge is just 
completed is, of course, zero. If the break-down voltage is so 
arranged that, at the end of the ensuing discharge, a cycle of 
alternator voltage is just commencing again, exactly the same 
sequence of events will be repeated. 

The case we have taken, of spark gap breakdown before the 
condenser voltage had reached its first maximum value, and the 
completion of the oscillatory action when the alternator voltage is 
again zero, as at the beginning, will obviously give one spark per 
half-cycle of the alternator voltage. 

The sequence of events during succeeding half-cycles may be 
Condinsn V oltu^cumhr Ihsihuige illustrated by the following graph of condenser voltage. Spark 
Cviiditiofis. trains have been drawn to end where the next half-cycle of 

I'lo. 10. alternator voltage is beginning, although this will not in general 

be the case. 





One Spark per Half-cycle. 
Fig. 11. 
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If the spark gap were set at such a distance that the voltage at point B (Fig. 9) was just sufficient 
to break down its insulation (this voltage being greater than the first peak value), we should get 
one spark per cycle instead of one spark per half-cycle, and the curve representing condenser 
voltage would be of the form shown in Fig. 12- 




It is important clearly to understand the difference between the two frequencies involved in a 
spark transmitter, and to appreciate the shortness of time during which energy is being radiated 
into space in comparison with the case of (say) a C.W. transmitter. ' 

Assume a spark train frequency of one spark per cycle, of numerical value 500 times per second^ 
Assume, also, tliat the LC value of the oscillatory circuit corresponds to a frequency of 500 kc/s' 
The condenser receives a charge from the alternator and transformer once in every 1/500 second 
If we assume that there are 100 complete oscillations in the oscillatory discharge of the condenser 
the time taken before the condenser is fully discharged is 100/500,000 second, since each cycle take; 

1 /500,000 second. The total time of discharge is thus 1 /5,000 second, and is therefore only a tentl 
of the time (1/500 second) between condenser charges. 

Thus, for nine-tenths of the time that the key is pressed, no energy is being sent out into spaci 
as sther waves, which is one reason for the comparative inefficiency of spark transmission. Fig^ 
13 (&) attempts to show this to scale. ' 



" WWWWWWW' 

UMDAMPCD OR C0I«TINUDUS WAVCf- 


Fig. 13. 
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With the type of gap which was in common use in the Service, the asynchronous rotary gap, 
these curves, which give a regular recurrence of events, have to be modified. This type of gap will 
be treated later. 

21. Arcing and the Impedance Coil.—^When the insulation of the spark gap is broken down, 
and the high frequency oscillatory current is flowing across the gap, the intense heat generated by 
the spark at the moment of discharge is sufficient to volatilise some of the metal of which the spark 
gap electrodes are made. This volatilised metal forms a conductive bridge from one electrode to 
the other. So long as a certain minimum current is passing across the gap, this conductive bridge 
is maintained. Now, when the spaik gap becomes a conductor, the current from the alternator, 
which has hitherto been charging up the condenser, will tend to flow across the gap, maintaining 
its conductive property and preventing the condenser from being charged up again. It is therefore 
necessary to take every possible precaution for restoring the insulating properties of the spark gap 
as soon as the high-frequency discharge is completed. 

Apart from mechanical devices for prevention of arcing, such as an air blast, which will be 
discussed later in dealing with the different types of gap, the inductance of the charging circuit, 
coupled with that of the impedance coil, tends to prevent charging current flowing across the gap. 
When the gap becomes conductive, the condenser is short-circuited and the charging circuit may be 
considered to consist of inductance and resistance only. The high inductive reactance cuts down 
the current to such an extent that it is insufficient to maintain the conductivity of the gap ; the 
latter being restored, the condenser comes into the charging circuit again and the current charges 
up the condenser once more. 

The Impedance Coll is therefore useful as an added inductance in the charging circuit for 
the prevention of arcing. 

A further use of the impedance coil is in controlling the power taken from the alternator. The 
larger the inductance inserted in the circuit by the impedance coil, the further from resonance are 
the conditions in the charging circuit; the more is the charging current cut down, and the less is the 
voltage built up across the condenser. The impedance coil may therefore be looked on as a voltage 
regulator, controlling the voltage in the condenser and hence the power radiated. 

22. Power taken in Charging a Condenser.—^When a condenser, C farads, is charged up 
to a discharging voltage of V volts, the amount of energy stored up in it is ^ CV^ joules. 

This energy is dissipated in damping losses in the primary and aerial circuits while the con- 
lenser is discharging in a high-frequency oscillation across the spark gap. 

If we charge up the condenser to a voltage of V volts N times per second {i.e., if N is our spark 
jain frequency), then we shall be expending energy at the rate of \ NCV^ joules per second. But a 
oule per second is a watt, the unit of power. 

Hence the power required to charge a condenser of C farads to a voltage of V volts N times per 
second is ^ NCV® watts. 

Expressing power in kilowatts and capacity in jars, the equivalent formula is :— 

PccrinkW.-lxNx^-^'^^xVXi^ 


_ NCV« 

1-8 X 

Sxample. 

Find the power required to charge a condenser of 200 jars to a voltage of 15,000 volts, at a 
requency of 300 cycles per second, with a spark train frequency of one spark train per cycle. 

,... 200 X 15,000* X 300 _ » - 

1-8x101* 
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From the above formula, we can deduce that the— 

(а) greater the size of the condenser charged, 

(б) higher the sparking voltage, 

(c) higher the spark train frequency, 

the more is the power required to charge the condenser and the more is the power passed to the 
aerial and radiated away every second, the preponderant factor being V. 

In Service sets the condenser in the oscillatory circuit is composed of separate elements, which ' 
may be joined in series or in parallel. The parallel setting is used when a high LC value in the 
oscillatory circuit is necessary, i.e., on long wavelengths or low wave frequencies. In order to keep 
as much equivalence as possible in the power radiated on different wave frequencies, the voltage 
to which the condenser is charged up should be smaller the greater the value of C. As the transformer 
secondary is in two halves, which may also be joined in series or in parallel, the voltage across the 
condenser can be reduced by using the parallel connection, or increased by using the series connection. 
This explains the rule employed in these sets ;— 

Condensers in parallel, transformer secondaries in parallel. 

Condensers in series, transformer secondaries in series. 

23. Design of Spark Gaps. —Charging circuits are very similar in their general arrangement, 
differing in detail only according to the power of the set and the range of waves required. 

It is chiefly in design of spark gaps that sets differ. 

The objects aimed at may be classified as follows :— 

{a) To Prevent Arcing. —The effect of arcing has been already discussed. 

The object is so to cool the conductive bridge that it is extinguished as soon as the oscillatory 
discharge is over. 

Apart from the effect of the inductance in the charging circuit, and the additional inductance 
of the impedance coil, various methods of preventing arcing are included in the designs of the 

different types of spark gap. i 

•1 

(6) To Effect Quenching. —^Quenching is effected by devising a very much more rapid method' 
of cooling the spark gap and restoring its insulating properties than any method used for prevention 
of arcing. It effects this coohng so quickly that not onh" is arcing prevented, but the interaction 
and exchange of energy between the primary and aerial circuits is stopped as soon as the energy hat 
been transferred for the first time to the aerial circuit. The theory of quenching will be considerec 
in paras. 27 and 28, which deal with the special type of gap designed to effect this action. , 

(c) To Produce a High Spark Train Frequency —The pitch of the note heard in thci 
telephones at the receiving station depends on the spark train frequency of the transmitting station i 
If a fairly liigh frequency alternator is used, the conditions of one spark per cycle will give a high 
note. 

If, however, the alternator or rotary converter is a low fiequency one, we may increase thii 
spark train frequency by using such a short spark gap as to give one spark per half-cycle or evei| 
more. I 

The higher the spark train frequency the more difficult it is to prevent arcing, because Ihi' 
electrodes become hotter. With one type of gap, the asynchronous rotary gap, the spark trail' 
frequency is independent of the alternator frequency, and can be adjusted to any value desired. 

The different types of gap employed are :— 

[а) The fixed gap. 

(б) The synchronous rotary gap. 

(c) The asynchronous rotary gap. 

[J) The quenched gap. 

These will now be considered in detail. The last two are the types used in Service sets. 
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24. [a) The Fixed Spark Gap- —^By this is meant a gap in which the plugs are fixed relatively 
to each other while sparking is taking place, but can be set to any required distance apart before 
the transmitting key is pressed. 

Various shapes are illustrated in Fig. 14. 

Such gaps are quite suitable for low power, or for low sparking frequencies, and are simple, 
requiring little attention beyond a periodical cleaning. 

Two waves are emitted from the aerial circuit, the amount by which their frequencies differ 
depending on the coupling between the primary and aerial circuits. 

The gap electrodes should be constructed of non-arcing material. 

During the time the gap is conductive its resistance should be low, therefore the distance apart 
;of the electrodes must not be too great. If, however, the distance apart is too short, the tendency 
itowards arcing will be greater. The sparking surfaces should be parallel and clean, otherwise the 
,\spark will jump across at the same point, causing the surfaces to be burnt away. 

For higher powers or higher spark train frequencies a 
Blower is often provided to prevent arcing troubles. 
This is an arrangement for forcing a stream of cooling air 
between the electrodes. In relatively low power work, a 
(**) comparatively low pressure stream provided by a fan will 

ji'ic,. 14 . usually be found to be sufficient; at higher powers, it has 

sometimes been the practice to drill a cylindrical hole 
^^through one of the electrodes, and blow air through it at a pressure of several atmospheres in order 
IHo effect very rapid quenching. 

' 25. (6) The Synchronous Rotary Gap or Discharger. —A Synchronous Rotary Gap 

jldenotes a form of de.sign in which a metal wheel carrying a number of studs or spokes projecting 
• from its edge rotates between two fixed electrodes, the rotating wheel being rigidly fastened to the 
‘feternator shaft. When the studs are opposite the fixed electrodes, the spark jumps from one 
Electrode to the wheel stud, through the wheel, and back through the second gap to the other 
Electrode. 

As the speed of the wheel and the alternating frequency both depend on the speed of revolution 
of the motor driving the alternator, the number of times per second at which the condenser voltage 
reaches a peak value and the number of opportunities it has of discharging can be made equal, and 
Pthe position of the studs arranged so that these conditions occur simultaneously. 

As the number of cycles per revolution of the alternator is equal to the number of pairs of its 
^les, and as in one revolution of the spark wheel the number of opportunities of sparking is equal to 
[the number of studs on the wheel, it follows that to get one spark train per half-cycle the wheel 
should have as many studs as the alternator has poles. 

The position of the fixed studs can be altered relatively to the moving studs by mounting them 
'^n a rocker wliich can be moved in one direction or the other. The condenser can thus attain its 
ipeak value of voltage when the studs are exactly opposite each other, and the gap separation is 
‘idjustcd for the breakdown to occur just before this happens, 
t 

Arcing is prevented by the increasing separation of the electrodes as the wave train takes 
‘Dlace, and also by the fanning and cooling caused by their rapid motion. 

In larger sets, air blasts are also used to cool the electrodes and prevent arcing. 

It should be noted that the motor buzzer wheel, as previously described, is only a special variety 
)f a synchronous gap. As the supply is a direct-current one, the spark train frequency is entirely 
lependent on the speed of revolution. 

j. 26. (c) The Asynchronous Rotary Gap. —^This is the type of gap used in some spark sets in 
]|he Service. 

p The principle of the rotating wheel with studs, and the fixed electrodes between which it rotates, 
'p exactly the same as for the synchronous gap, the essential difference in the action being that the 

l^ipeed of rotation of the wheel is entirely independent of the speed of the alternator. The 
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wheel is driven by a separate motor. The word “ asynchronous/' which means “ out of time with/* 
refers to this independence of speed of rotation. 

The gap between the fixed and moving electrodes is adjusted to be as small as possible. A spark 
vill occur whenever the gap between a fixed electrode and the point approaching it is small enough 
for the condenser voltage to force a spark across it. The great advantage of the asynchronous gap 
is that it is possible to produce a high spark train frequency from a low frequency supply. This 
being the case, it is obvious that there may be several sparks during one cycle of alternator supply, 




4synchronous Rotary Gap. 


Fig. 15 . 


and consequently these occur at different points in the cycle. The conditions are not exactly 
repeated each time as in the case of the synchronous spark, because the charging ('urrent from the 
alternator is charging up the condenser during dilfcri‘nt parts of its own cycle of variation, and hence, 
neither the voltage to which the condenser is charged nor the voltage of breakdown is constant. i 
Since the gap is adjusted to be as small as possible, there will be a discharge each time the studs, 
come opposite each other unless the condenser voltage is very small. Som(‘tiines, however, this 
condition holds and a spark is missed. 



Condenser Voltage with Asynchronous Rotary Gap. 


Fig. 16 . 


Not only is it possible to miss a spark altogether, but the interval between sparks is not 
absolutely constant. If the charging current after one breakdown is such that the condenser 
voltage before the next discharge is greater than usual, the spark will take place over a longer gap, i.e., 
when the studs are a little further apart than usual. If the condenser voltage is less than its average 
value, the spark will take place a little later than usual. 

In addition, the energy stored in the condenser and the proportion radiated in the separate 
wave-trains is variable. 
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The disadvantages of this type of gap—^the possibility of a spark being missed, irregular time- 
intervals between sparks, and irregular amplitudes of wave-trains—result in the note heard at a 
receiving station being impure. 

The great advantage is the high spark train frequency which can be got from a low frequency 
supply, giving more energy radiation and a high and easily readable note at the receiver. 

Arcing is prevented, as in the synchronous gap, by the mechanical separation of the electrodes 
and the draught of air. If necessary, an air blast may be fitted in addition. 

A figure is given which shows the way in which the condenser voltage may be considered to 
vary during one cycle of low-frequency alternator supply, several spark discharges taking place 
during this period. 

27. [d) The Quenched Gap—Theory of Quenching.—The Quenched Gap is designed to 
put out the spark much more quickly than any of the methods used for prevention of arcing. It 
was seen in the Chapter on the “ Oscillatory Circuit ” (Vol. I) that when the primary oscillation has 
transferred its energy to the aerial, the aerial re-transfers it to the primary, and the energy is 
transferred and re-transferred backwards and forwards between the two circuits until it has been 
entirely expended in various damping losses, as illustrated thus :— 


PRIMARY OSCILLATIONS 




SecoNOARY OSCILLATIONS 


X 

Diagram of Primary and Aerial Currents in Ordinary Coupled Circuit. 

Fig. 17 . 


This transfer and re-transfer of energy produces two harmful results :— 

(а) The heavy damping in the spark gap is wasting the energy of the high-frequency oscilla¬ 

tion during the whole time of transmission. 

(б) Two waves are emitted which interfere with ships working on other waves of different 

frequency. 

If, in some way, we can manage to put the spark out at the moment X in Fig. 17 (when the 
.epeiiprimary energy is at a minimum), then the conditions are entirely changed. 

As soon as the whole of the energy has been transferred to the aerial the conductivity of the 
2gap is destroyed and the energy which is now in the aerial cannot return to the primary, and will 
' Setherefore continue to oscillate in the aerial circuit until the whole of it has been ra^ated in the form 
Tiof electro-magnetic waves or lost unavoidably in resistance in the aerial circuit. 

'Xai The coupling between the circuits can be increased« and more energy transferred from the 
dedtlosed to the open circuit. After the spark is “ quenched," the aerial circuit oscillates at its own 
natural frequency, and it is only for a comparatively small period during the transfer of energy that 
two-wave frequencies are being radiated. These are both considerably different from the natural 


Section ''A." 


27 


frequency of the single circuit, especially with the tight coupling employed, and cause interference 
at the beginning of the wave-train. The tight coupling causes the aerial current to build up very 
rapidly, causing a shock effect by setting up free oscillations in neighbouring aerials. 

A diagram of the current oscillations in the two circuits is as shown in Fig. 18, 



AERIAL CIRCUIT. 



Primary and Aerial Currents in Quenched Gap Circuit. 


Fig. 18. 


The upper diagram represents the oscillations in the primary circuit until the spark ir 
quenched at the moment X (see Fig. 17), and the lower diagram those in the aerial circuit. The 
advantages and disadvantages of quenching may be summarised as follows : — 

Advantages. 

(a) Only one wave frequency radiated for the greater part of the wave-train. 

(&) No tendency to arc. The time involved in quenching is probably that corresponding to 
3 or 4 cycles of high-frequency oscillation, which is very small compared with the 
time in which anti-arcing devices become efficient. One spark per half-cycle can 
therefore be obtained quite easily with the quenched gap. 

(c) The comparatively high resistance of the gap is in circuit for a very short time. As the 

unwanted power loss in the aerial circuit can be made considerably less than that 
in the primary circuit, a greater proportion of the energy input is converted to radiation ^ 
energy. 

(d) Tight coupling (up to 20 per cent.) can be used, and therefore rapid transference of energy 

is ensured. The tighter the coupling the less is the time of transference and the less 
are the losses in the primary circuit. 

DlBadvantages. 

(a) The tight coupling causes the aerial oscillation to start with a very rapidly increasing 

amplitude which shocks neighbouring aerials into oscillation. 

(b) During the period of interaction two wave frequencies are radiated, each differing from 

the frequency of free oscillation of the aerial. 
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Quenching is achieved by the use of the special design of gap called the Quenched Gap, which 
will now be considered in detail. The rapid mechanical rotation of the motor buzzer is sometimes 
considered to give a quenching action. 

28. (a) The Quenched Gap—Construction. —The Quenched Gap, as now described, is used 
in spark attachments to main valve transmitting sets in the Service. Quenching is simply a matter 
of cooling the spark path rapidly enough. 

A method of accomplishing this is to make use of the property metals have of conducting 
heat. In the quenched gap, the spark gap is broken up into a number of very short gaps in series 
with each other. The electrodes are made of copper, plated with silver, these metals being good 
heat conductors. In addition, large cooling or radiating fins are provided, so that there is a large 
mass of metal surrounding the gap and plenty of metal surface exposed to the surrounding air. In 
addition, it may be necessary in some cases to employ an air blast to cool the fins sufficiently. The 
gaps are so short that no part of the air dielectric is far from the metal of the electrodes. There 
are two methods of building up a quenched gap, sliown in Fig. 19 [a) and (&). 







— 
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Internal Spark Gap. 



External Spark Gap. 


(a) 

Fig. 19. 


(b) 


^ In Fig. 19 [a], the gap consists of a number of metal discs with circular grooves cut in them. 
The discs are separated by washers of mica, about 0-2 mm. in thickness, which are inserted between 
the discs at the outer edges and extend a little way across the circular grooves. The sparking 
surface in the centre of the discs is thus completely shut off from the surrounding air. 

In Fig. 19 (6), the mica washers are placed between the electrodes inside, and just extending 
into, the space between the circular grooves. The sparking takes place between the edges of the 
electrodes. This is the type used in the Service. 

In both cases the spark is rapidly extinguished because of the adequate cooling properties of 
the gap, and because the mutual repulsion of the ions in the ionised air between the electrodes forces 
jthe spark to the outer edges of the sparking surface, where it becomes lengthened across the circular 
groove. In the “ internal " gap it is probable that the removal of the oxygen in the gap by oxidation 
0f the electrodes is an important factor in assisting its quenching properties. 

' Fig. 20 shows a complete quenched spark gap as used in the Service. The number of single 
gaps used in series can be varied by short-circuiting the others by a spring clip, which is attached 
to one terminal of the spark gap by a length of conducting wire and can be fastened to any one of 
jlhe radiating fins. The number is varied according to the condenser break-down voltage, the 
voltage for each individual gap being about a thousand volts. 

p 

} 29. The Charging Circuit Complete. —We are now in a position to discuss broadly the 

l^eneral requirements of a Spark Transmitting installation Fig. 22). 
t 

Power Supply. —The alternating current will be supplied from either a motor alternator or 
^ a rotary converter, 

^ Duplicate macliines are generally supplied in H.M. ships, placed in separate watertight com- 
'4)artment5, and fed through duplicate starters from either side of the ring main system. 
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Quenched Gap. 
l«u,. 20 


Normally, the machine in use should be fed fiom the section of the ring main on the disengaged 
side in action. 

With both motor alternators and rotary converters a Starter will be necessary, with a no- 
i^olt-release coil, and some arrangement to prevent an excess current being taken from the mains. 
This may take the form of a fuse in the lead from one main, or of an overload release coil on the 
starter. 

A Motor Field Regulator will be provided for varying the speed, and therefore the alternating 
requency. (As previously explained, the voltage of the alternating current supplied by a rotary 
:onverter will always remain about 65 per cent, of the supply voltage, whatever the speed. 
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An A.C. Ammeter and a Frequency Meter will also be provided. With a motor alternator, 
a D.C. Ammeter and an A.C. Voltmeter will be supplied ; also an Alternator Field Regulator, 
in order to vary the voltage of the alternating current. 

From the slip rings of the machine in use come the A.C. mains, in series with which we shall 
have the Signalling Key, an Impedance Coil, a safety arrangement of some sort, and, finally, the 
primary of the step-up transformer. 

30. Signalling Key. —If the alternating current is small and its voltage is low, signalling may 
be effected by making and breaking the alternating current circuit by means of a hand key. 

If, however, the current is too great, or the voltage of a dangerously high value, a Magnetic 
Key will be used. This consists of a single-pole break between two contacts, which is short-circuited 
by a moving contact. The key is energised by direct current being supplied to the bobbin of a 
solenoid when a hand key is pressed, as illustrated in Fig. 21. 

When the low-tension current is too great to be inter¬ 
rupted conveniently, the magnetic key may be placed in the 
high-tension circuit, but special precautions must then be 
taken about its insulation. 

The drawback of this arrangement is that, even when 
the key is not pressed, the secondary terminals of the 
transformer are alive. 

It is used in certain high-power shore stations. 

31. Safely Arrangements. —It is necessary to pre¬ 
vent the operator from accidentally receiving a fatal shock. 

For a shock to prove fatal, about one-eighth to one- 
sixteenth of an ampere of direct or low frequency alternating 
current will be necessary, one ampere being certainly enough 
to kill a man ; far heavier currents at high frequency, however, can be safely withstood. 

The resistance of the human body varies in different individuals and with the degree of moisture 
of the skin. The greater part of the body resistance is in the skin and, normally, the resistance of a 
man from one hand to the other is about 20,000 ohms ; if the subject is in a perspiring state—a 
common occurrence in the tropics—the resistance will be reduced very much below this figure. It 
is also obvious that the resistance presented will be inversely proportional to the area of skin in 



Fig. 21. 



Fig. 22. 


contact with the live terminals ; for example, a very much worse shock will be experienced if the 
live terminals are firmly grasped with the hands, or held in a pair of pliers, than if they are only 
touched with the finger tips. 

Any voltage above 1,250 volts direct or low-frequency supply will probably prove fatal, and 
voltages of 500 and above are dangerous. It is sometimes customary to consider that sources of 
supply at pressures of the order of 220 volts can be touched with impunity ; this is a great mistake, 
for, with good contact and wet hands 220 volts can be—and has been—^fatal. Moreover, should 
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the skin become broken by (say), scratching against 220 volt terminal contacts, the resistance 
becomes so low that a serious electrical burn may be produced, which might take several months to 
heal and even produce fatal shock effects. 

In modem practice, it is customary to enclose all of the dangerous components within a cage, 
arranging that the cage cannot be opened without breaking the supply circuits at one point at least. 
It is better if both mains are broken, one by each of two cage doors. Thus, if the key is pressed 
when either cage door is open, nothing will happen. 

32. Low-tension Circuit. —Fig. 22 represents a typical arrangement of a Low-tension Circuit. 

1 is a fuse in the positive D.C. main. 

2 is a D.C. Ammeter with its shunt. 

3 is a starter for the motor of the Motor Alternator (6). 

4 is the Motor Field Regulator. 

5 is the Alternator Field Regulator. 

6 is the Motor Alternator. (If a Rotary Converter is supplied in lieu, then the Alternator 

Field Regulator (5) and field magnet winding will be omitted.) 

7/7 are A.C. fuses, one in each A.C. main. 

8 is the A.C. Ammeter with its shunt. 

V and F are, respectively, the A.C. Voltmeter and Frequency Meter. 

9/9 are the breaks in the low-tension A C. circuit, completed when the cage doors are closed. 

10 is the hand key for signalling. If the A.L. cunent is large, this is replaced by a magnetic 

key. 

11 is the Transformer. 

12 is the Impedance Coil. 

If power is obtained from a Rotary Converter, then the A.C. Ammeter and Voltmeter may be 
omitted. 

33. Hlgh-tetisioti Circuit.—The high-tension circuit comprises the secondary of the trans¬ 
former, the leads to the primary oscillating circuit, and the oscillating circuit itself, made up of 
primary condenser, primary inductance and spark gap. 

In this circuit it is necessary to protect the transformer and condenser against excessive strains 
on their insulation, which may arise in several ways. 

These risks, and the methods of guarding against them, are as follows : — 

34. Safety Gaps.—The transformer is protected against any excessive rise in its own voltage 
by having safety gaps fitted across its terminals. 

The gap is so arranged that if the terminal voltage of the secondary rises above its normal 
ivorking limit, then an A.C. metallir arc will form across the gap. 

Typical safety gaps are shown in Fig. 23. 

Fig. 23 {a) consists of two bent pieces of copper wire. Fig. 23 (&) consists of two brass discs, 
mounted eccentrically so that the gap length can be adjusted by rotating them. 

The arc will rise, on account of its own heat, sliding along 
the wires. The higher it rises the longer becomes the gap 
which it must bridge, so that it automatically breaks down. 

The gap must be kept set at the exact distance laid down 
in the Handbook for the set in question. 

In the same way, the transmitting condenser is fitted with 
safety gaps to prevent it being punctured by any abnormal 
rise of voltage. 

It is commonly the practice, where several sections of a condenser are employed in series^ to 
earth the centre jioint of the central sections. 

This equalises the capacity to earth of each element of the condenser. 


SL ©© 

(a) (b) 

Safety Gaps. 

Fig. 23. 
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35. Back OsclllatlonB. —When the condenser discharges across the spark gap it is quite 
possible that some of the high-frequency oscillatory current, instead of flowing across the spark 
gap, will try to flow back through the secondary of the transformer. 

This is a form of trouble known as “ Back Oscillations.” 

If this high-frequency oscillation is applied directly to the secondary turns of the transformer, 
it will set up a big inductive voltage to earth across the end turns, and the insulation of the trans¬ 
former might easily be broken down. 

To prevent this, coils of wire, termed “ Protecting Coils,” of about 200 to 300 mics inductance, 
are sometimes placed in series with each main (Fig. 24). 

The back E.M.F. of these coils to the low-frequency charging current is very small indeed, 
nor does the addition of a few mics disturb the resonance of the charging circuit. 

On the other hand, when the high-frequency discharge tries to send some of its current back 
along the high-tension mains, the reactance of the protecting coils becomes so large that they 
practically form insulators to high-frequency currents. (The insulation of these coils may be 
punctured, but they can easily be re-wound on board.) 



Protecting Coih and Resistances. 


Fig. 24. 


Now, protecting coils alone, under certain circumstances, have proved worse than useless. 

Being mounted on a baseboard, the two coils have a certain small capacity effect between 
them ; also, each coil has a certain self-capacity of its own. 

This capacity, combined with the inductance of the two coils, forms an oscillatory circuit which 
may happen to have the same LC value, and therefore the same natural frequency as that of the 
primary oscillator. 

Should this happen, then resonant currents will be set up in the protecting coils, and high- 
frequency currents will be impressed on the end turns of the transformer windings, with the result 
that those turns will have their insulation punctured. 

To avoid this, the protecting coils are shunted with non-inductive resistances in the shape of 
Carbon Rods, upon which the energy of the high-frequency currents is expended. 

The high-frequency current sets up a big P.D. across the inductance, which consequently tries 
to force a big current through the resistance, and the back oscillation is damped out. 

Fig. 25 represents the high tension circuit of a modem spark attachment. The oscillatory 
circuit is connected to the secondaries of the transformer through a resistance “ R ” ; connected 
across the output of the transformer are two condensers ” C.” The ” protecting condensers ” C 
serve to by-pass any R/F oscillations which may be fed backwards, thereby preventing the building 
up of high R/F voltages across the secondary of the transformer. The resistance R is of the order 
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of 600 ohms and is there in order to prevent the two protecting condensers from acting as integral 
components of the main oscillatory circuit; the ratio of R to the equivalent reactance of condensers 
C, determines the extent of their influence on the frequency. 






Fig. 25. 


36. The Design of the Oscillatory Circuit. —^The oscillatory circuit must be arranged so as 
to provide a certain lange of LC values, according to the purpose for which the set is designed. 

For example, a set might be required to give a range of all LC values between 50 and 1,200, 
which would give a range of frequencies between 676 kc/s. and 140 kc/s. 

This might be arranged by having a condenser of 50 jars and an inductance which could be 
varied between 1 mic and 24 mics, but this would be bad electrical practice for the following 
reason :— 

The energy stored in a condenser of C farads when charged up to a discharging voltage of V 
volts is joules. 

From this it follows that, the larger the condenser, the smaller the voltage required to store a 
given amount of energy. (See para. 22.) 

A high condenser voltage would mean a long spark gap, which would have a heavy damping 
effect. Also, the higher the voltage, the greater do insulation difliculties become. 

Consequently we want to use the largest possible condenser and the smallest possible inductance. 

A much better arrangement would be to provide a condenser composed of two elements of 
100 jars each, which could be joined in series, giving a capacity of 50 jars, or in parallel, giving 200 
, jars. This arrangement is generally used in practice. 

A primary inductance which could be varied between one and six mics would give a range of 
LC values from 50 to 300 in the series position, and from 200 to 1,200 in the parallel position. 

37. The Condenser. —The condenser must be made with adequate dielectric strength to 
stand the greatest sparking voltage that is likely to be used. For instance, if the condenser refftrted 
to above is required to stand an eight-millimetre spark, and if one sheet Of the dielectric used iil it 
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will only stand two millimetres safely, it would be necessary to make up the two elements of 50 jars 
each by joining four sections of 200 jars each permanently in series. It would therefore be composed 
as follows :— 
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To join the two elements in series, connect terminals B and C together. 

To join the elements in parallel, connect A to C and B to D. 

llie dielectrics generally used in the Service for spark transmitting condensers are ebonite, 
glass or mica. 

The elements and sections composing the condenser are contained in an iron tank, which is 
kept brimful of oil, to prevent brushing over the plate edges, and to keep the condenser cool. 

However efficient a condenser is made, certain losses in it are unavoidable. These losses were 
referred to in Vol. I under the general heading of “ Hysteresis Losses.'' 

When a condenser is being charged up and discharged, it gradually gets hotter and hotter as 
a result of these losses. 

Arrangements have to be made for this heat to be radiated away, and also for the oil to expand 
without forcing its way under the edge of the lid. 


38. The Primary Inductance. —This is a coil of copper tubing or flat copper strip, of large 
surface area, in order to obtain low resistance to high-frequency currents with a given required 
inductance and mechanical rigidity. It must have a surface of adequate area for the maximum 
oscillatory currents it will be required to carry. 

The turns must be spaced sufficiently far apart to prevent sparking over between adjacent 
turns. 

An adjustable connection, of very low resistance, must be provided so that the inductance in 
circuit be varied gradually from the minimum to the maximum value, in order to give any 
required LC value between the limits for which the circuit is designed. 


39. The Aerial Circuit. —^This circuit, illustrated in Fig. 27, comprises the following :— 
Aerial, Feeders and Deck Insulator, which are fully dealt with in Section “ R." 

(a) The Aerial Coil. —^The aerial coil is provided in order to increase the LC value of the 
aerial circuit when transmitting waves longer than the fundamental wave of the aerial. 

In spark transmitting circuits it is made of stout copper wire, the turns of which are wound on 
a former of insulating material, and spaced sufficiently wide apart to prevent sparking over between 
adjacent turns. 

An important point is whether the idle turns of the aerial coil, i.c., those not required for the 
particular frequency in use, shall be short-circuited, as in Fig. 28 (a), or left on open circuit, as in 
Fig. 28 (6). This question lias already been discussed in Vol. 1. 
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The general practice is to short-circuit the idle turns of coils used in spark transmitting sets. 

When making a tuning connection on the aerial coil, it is important to remember that all the 
current of a received sign^ has to pass through it, and therefore a thoroughly clean and tight 
connection should be made. 


V 




TORCCeiVINfi GEAR. 
--► 

i 


Typical Aerial ( ircuit. 
Tic;. 27. 




(«) (^) 

Fig. 28. 

(6) The Mutual Coil.—The mutual coil i-a provided in order to transfer into the aerial circuit 
the high-frequency oscillations gcnci ated in the primary. 

Its distance from the primary is made adjustable in order to allow the coupling to be varied. 
In some circuits its inductance is also made adjustable. 
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The loosest possible coupling consistent with giving readable signals to the receiving station 
should always be used. 

It is better to use a long spark and a loose coupling than a short spark and a tight coupling. 

(c) The Aerial Condenser. —For transmitting waves shorter than the fundamental wave of 
the aerial, a series condenser is generally used, being short-circuited with a link when not required. 


40. (i) The Aerial Ammeter. —In order to enable an operator to teU that his circuits are 
correct, a hot-wire ammeter, termed the “ Aerial Ammeter,” is provided. 

If joined directly in scries with the aerial, it would have to be unduly large to carry the full 
aerial current in most aerial circuits. It is therefore usually joined across the secondary of a toroidal 
transformer. 



“ Listeving Through " Device 
Fig. 2f). 


41. (c) Send-Receive Contact.—This consists of a make-and-break in the earth lead, across 
which the receiving gear is joined. 

When the transmitting key is pressed this break is short-circuited, thus short-circuiting the 
receiving gear, and connecting the mutual coil to earth for transmitting purposes. 

When the transmitting key is released the break is opened, thus putting the receiving circuit 
in series with the aerial. 

This allows for what is termed “ listening through/' i.e,, listening between the Morse signals of 
one's own message to sec whether anyone else is transmitting at the same time. 
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The requirements of the break are ;— 

(fl) It must make before, and break after, the low-tension charging circuit, to obviate the risk 
of sparking into the receiving gear. 

(6) It must either be very close to the earth connection or be joined to it by a non-inductive 
lead. If there were a long inductive lead between it and earth the voltage across it 
would be considerable, and the break would have to be a long one to prevent sparking 
taking place across it as it was made and broken. 

A suitable arrangement is illustrated in Fig. 29. Here were have a hand key, fitted with two 
“ back contacts,"' A and B. Contact A is carried on a flexible springy piece of copper. 

A and B are connected to aerial and earth by a non-inductive lead of concentric cable, and across 
them is joined the receiving circuit. When the key is at rest, an ebonite thimble on the toe of the 
key is bearing on the end of the copper strip that carries contact A. The aerial is then connected 
to the receiving gear. 

Wlien the key is pressed, however, its first motion allows A and B to make contact, and thus to 
complete the aerial circuit to earth, and to short-circuit the receiving gear before the “ heel " 
contacts make. 

Its further motion closes its '' heel ” contacts, and completes the low-tension A.C. circuit. 


EXAMINATION QUESTIONS ON SPARK TRANSMITTERS. 

1. Sketch the circuit of a simple spark traasmittcr. Explain the aclion of the protecting roils, 

the carbon rod resistances, and the safety gaps. 

(Qualifying for P.M.G. II Cert. H.M. Signal School, 1934.) 

2. Describe and explain the action of a synchronous spark system of wireless telegraph transmission. 

(I.E.E., Oct., 1927.) 

3. Draw a circuit diagram of a rotary spark transmitter of about IJ kW. input, assuming that a 

D.C. supply is available. Indicate the usual .switches, fuses, and transmitting key. 

(C. & G., I.. 1928.) 

4. Describe, with sketches, three types of spark gap used on spark transmitters and state the 

advantages and disadvantages of each type. 

(C. & G., I., 1930.) 

5. Describe, with a diagram, the construction and working of a { kW. spark transmitter suitable 

for marine use. \^at are the advantages of spark sets over I.C.W. sets for marine 
emergency purposes ? 

(C. & G. Preliminary, 1934.) 
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THERMIONIC VALVES. 

1. Historical Introduction. The Fleming Valve. —In the eighties of last century, Thomas 
Edison, of the United States of America, discovered that an electric current could be made to pass 
across the empty space between the hot filament of an electric lamp and another metallic conductor, 
or collector electrode, contained in the same evacuated glass bulb. He made the far reaching 
observation that the current travelled in one direction only. No explanation of the phenomenon 
was at first available, and it was not until after 1899 that J. J. Thompson's discovery of the “ electron" 
gave a clue to the nature of the “ Edison effect." It had been clear to J. A. Fleming that the 
current was due to something travelling from the hot wire to the collecting plate, and after 
Thompson's discovery the suggestion became irresistible that the hot filament was actuaUy emitting 
unit particles of negative electricity, now called electrons. 

In 1904, J. A. Fleming had the vision to realise that the phenomenon of " thermionic emission ” 
had a commercial application for the detection of wireless waves ; he saw the potentialities of an 
electric " valve," a device passing current in one direction and prohibiting it in the opposite direction. 
The early wireless experimenters sought diligently for something which would react to the minute 
alternating potentials produced in a receiver of wireless waves. The frequencies in use were far 
beyond the powers of any mechanically operated indicators ; the diaphragm of a telephone receivi r, 
for example, can vibrate at audible frequencies from a few hundreds to a few thousands of cycles 
per second, but is unaffected by the frequencies of the order of hundreds of thousands of cycles per 
second which characterise radio waves. Fleming's valve, by passing the current in one direction 
only, gave a D.C. output from a radio frequency A.C input, thus constituting an “indicator" of 
wireless waves. The D.C. current could be made to affect the diaphragm of a telephone receiver, 
an audible note being produced if arrangements were made to interrupt the radio waves at an audible 
frequency. 

Fleming’s two-electrode valve, operating in this manner, became a “ detector " of E.M. waves, 
the process of detection being dependent upon the “ rectification " of the R/F alternating currents 
set up by the incoming signal. In its original form, the Fleming valve had a cylindrical electrode 
made of aluminium, and a hairpin carbon filament which emitted the electrons. Subsequent 
developments have added emphasis to the importance of Fleming's application of the Edison effect. 
It is not an over-statement to say that the rate of evolution of the valve has been the factor con¬ 
trolling the advances in wireless technique. 

The emitter of electrons in a valve is called the “ cathode " ; the collecting electrode is usually 
called the “anode," but is sometimes called the “plate." A valve with these two electrodes, 
cathode and anode, is called a diode. 

2. Multi-Electrode Valves. —In 1907 Dr. Lee de Forest took out a patent in America for a 
valve like Fleming's, but with a third electrode, consisting of a “ grid ” of wires, interposed between 
the cathode and the anode. He found that the potential of this grid had a remarkable control 
over the anode current, a factor which enormously increased the potentialities of the valve. These 
will be described in later paragraphs and sections of this work, but it may be said here that the 
three-electrode valve, or triode as it is generally called, can be used as a detector of oscillations, 
as an amplifier, and as a generator of oscillations. 

In recent years valves have been developed with still more electrodes. The additional electrodes 
give rise to various properties which are applied for particular purposes. The words “ diode, triode 
tetrode, pentode, hexode, heptode, octode," etc., are used to indicate two-electrode, three-electrode, 
four-electrode, etc., valves respectively. All of these valves, however, are to be regarded as a ‘ 
direct result of de Forest's discovery that the anode current may be controlled by the potential 
of an interposed grid. 

3. Constructloo of Thermionic Valves.— h valve consists, externally, of an envelope or 
bulb of glass or other suitable material; the electrodes are placed within the bulb and the whole 
is then usually highly evacuated. The materials of which the electrodes are made are deter- 
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mined by the functions they perform, and the use to which the valve is put. For example, 
valves now used for transmitting purposes are larger and are subjected to much higher voltages 
than those used for receiving purposes, detectors and amplifiers, etc.; the essential features 
remain the same. 


4. Thermionic Emission. The Diode Circuit. The H.T. Battery.— Fig. 1 (a) represents 
a diode, and it is showm here attached to two batteries, one of which provides the necessary current 

to heat the filament, and the other is joined between anode and 
cathode for a reason to be explained later. 

It is worth while to reflect briefly upon the mechanism of the 
AI I process known as “thermionic emissiou,” ie., the ejection of 

electrons from a hot body. 

^ ^ j In the explanation of the electron theory in Vol. I, it is stated 

I J \ that the mobile electrons present in a substance which is an 

—L— electrical conductor, are continually moving about from one atom 

j I to another and that, if the substance is heated, the velocity of the 

L 1 electrons is increased. If the temperature is raised sufiicicntly, it 

WW“~T believed that, in certain substances, the electrons are agitated 

* ^ to such an extent that some of them leave the surface of the material. 

This evaporation of the electrons from the surface of a body is 
very similar to the evaporation of molecules of liquid at a surface 
(a) exposed to air, to the turning of water into water vapour, etc. ; 

similar quantitative laws have been found to apply. The 
_ phenomenon is known by the term thermionic emission. 

If there is no external field acting on the escaped electrons, 
f ^ \ return to the parent substance, which their absence has left 

\ I positively charged. Thus, any conductor when heated above a 

I certain temperature is surrounded by a cloud of electrons (the 

I “ space charge ”) which arc continually being shot out of it, and 

_ Lgr\o attracted back into it. This emitting proj>erty of a liot metal is 

I the basis of the thermionic current in the valve. The hot metal 

ANODE, is the filament or cathode, and is made of a material which, when 

I OR raised to a suitable temperature less than its melting point, gives 

\ bSM / adequate electron emission for the purpose to which the valve is to 

\ lIBtf / bsput. 

wiaatiM The method used to heat the filament is to pass a current 

through it. In valve theory we shall be much concerned with 
batteries connected between the various electrodes, and it is 
important here to grasp clearly the idea that the battery which is 
connected across the ends of the filament is there simply because 
it is the most convenient way of raising the temperature ; the heating 
III ll J IM current applied to the filament is entirely distinct from the emission 

W V j U current, or the currents that flow from one electrode to another. 

B ^ ^ A low voltage battery of 2, 4 or 6 volts is used for heating the 

^ filament of a small directly heated receiving valve, battery Bi of 

Fig. 1 [a). In certain cases an adjustable resistance is connected 
in series with the filament to regulate the heating current flowing. 
Fig. 1. Sometimes filaments may be heated by alternating current, or the 

electron emitting surface may be a cathode which is indirectly heated. 
If another electrode, A of Fig. I (a) is placed close to the filament 
and raised to a positive potential with respect to the filament, by means of battery Bg, some of the 
emitted electrons will experience an accelerating force and travel towards the anode. 

B 4 
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If no battery Bj were used, there would still be a small anode current due to the ” Edison 
effect.” The electrons have a certain velocity on breaking through the surface tension of the 
filament, and it is possible for an anode to collect those which are driven on to it by their velocity, 
no difference in potential being necessary. The effect is a very small one, and will not be further 
considered. 

In general, the anode is made considerably positive to the filament. The anode voltage of a 
receiving valve varies from 50 to 500 volts, and is generally provided by joining a high tension battery 
between the outside terminal of the anode and one of the terminals of the filament, or the cathode 
in the case of indirectly heated valves. In valve work, the conventional datum of reference to 
which potentials are referred is the L.T. negative terminal, or the cathode in the case of indirectly 
heated valves. The anode voltage of transmitting valves may be from a few hundred to ten or twenty 
thousand volts, and may be provided from high tension D.C. machines, or from alternators and 
rectifiers. 

When the negative electrons arrive at the anode, they pass along the conducting wires from the 
battery and back to the filament. There is thus an electrical current round the circuit comprising 
valve, battery and leads. Attention may be directed, again, to the difference between the direction 
of the actual flow of electrons around the circuit and the flow of electrical current as conventionally 
assumed. The electrons travel through the valve from negative to positive, whereas the flow of an 
electrical current has always been assumed to be from the positive terminal of a source of current to 
the negative one. In ordinary electrical parlance the anode current is spoken of as ” flowing from 
the positive terminal of the battery, through the valve, and back to the battery at the negative 
terminal.” In the case of receiving valves the anode current is generally of the order of a few 
milliamperes ; in a large transmitting valve it may be many amperes. 

Fig. 1 (6) explains the construction and disposition of the electrodes in the case of a triode 
valve. 

It is proposed to treat, in slightly greater detail, the construction of the various elements 
composing the valve. 

5. Construction of the Cathode.—Various materials are used in the construction of cathodes, 
both of the directly and indirectly heated types. Experiments show that different materials emit 
different quantities of electrons at the same temperature, and that at ordinary temperatures there 
is no measurable emission from the surface of any material. Thermionic emission is a surface effect, 
and it depends on the physical nature of the surface as well as on the temperature. 

There arc three principal classes of electron emitting materials now used in valve construction :— 

{a) Pure tungsten wire, operating at temperatures between 2,400° and 2,500° absolute. 

(6) Thoriated tungsten wire, operating at temperatures between 1,800° and 1,900° absolute. 

(c) Certain ” oxides,” operating at temperatures between 1,100° and 1,300° absolute. 

The absolute scale of temperature, which is that generally adopted for filament temperatures, has 
its zero at — 273° C. The degree intervals are the same on both scales, so that a reading on the 
absolute scale is obtained by adding 273 to the corresponding reading on the Centigrade scale. 

6. Tungsten Filaments. —Tungsten is a metafiic element, having a melting point at 3,400° C. 
This is a value higher than that found for any other of the common metals, and since the emission 
of light increases with temperature, it is obvious that the metal which can be produced in a suitable 
form and can also stand the highest temperature, is the most suitable one to use as a lamp filament. 
It is precisely this same fundamental property which accounts for the use of tungsten both as an 
electron emitter, and as a source of light in ordinary lamps. 

In order that the filament of a lamp should have a long life, it was found to be essential to 
exhaust the bulb to the highest possible vacuum. The same condition was soon found to be desirable 
for preserving good and uniform conditions of electron emission. Thus, in two important features, 
the valve industry profited by the experience of the lamp industry, and as similar methods of 
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^sembly, using identical machinery, could be employed to a very large extent for both, the two 
industries have been closely associated for research and production purposes. In recent years, 
however, it has been found possible to operate tui^sten filaments at still higher temperatures, and 
so produce more light, by filling the bulbs with an inert gas, such as argon, after all traces of oxygen 
and water vapour have been removed. The majority of thermionic valves, on the other hand, still 
require the highest possible vacuum for efficiency, so that there is now not so much in common in 
the modern products of the two industries. 

Tungsten filaments have been used in a wide range of diameters from about 0-05 mm. in 
receiving valves, up to 2 or 3 mm. in the largest transmitting valves ; the corresponding range of 
heating currents is from about half an ampere to some hundreds of amperes. 

7. Thoriated Tungsten Filaments.—Thoriated tungsten wire is made by adding up to 
about 1 per cent, of thorium oxide (or thoria) to the tungsten wire material during manufacture. 
In the early days of electric lamps, it was found that pure tungsten filaments were liable to fracture 
suddenly, generally on switching the current off, and this was traced to a change in the crystalline 
nature of the material. It was found that the addition of a trace of thoria pi evented this defect 
to a considerable extent, and it was during observations on valves having filaments constructed with 
thoriated lamp wire, that the enhanced electron emitting properties of this material were accidentally 
discovered. These filaments give a copious emission of electrons at a temperature .some 600° C. 
lower than that normally used with bright tungsti n filaments. Less heating current is required, 
and the filament glows less brightly. 

According to modern theory, based on extensive researches, the thorium oxide is decomposed 
ill the filament, and the pure metal thorium forms a layer on the surface of the tungsten, anil is the 
factor mainly responsible for the enhanced emission of electrons. The tungsten wire merely serves 
as a mechanical support and conducting base for the coating of the filament. 

The layer of thorium is not extremely robust and is easily removed by excessive temperature 
above the normal operating temperature of 1,900° absolute ; the coating of thorium evaporates, 
and, before long, the emission characteristic of tungsten is all that is available. If, however, the 
filament is run for several minutes at about 2,200° absolute, a new coating of thorium appears, and, 
on reverting to the normal operating current, the original emission will be obtained. 

If traces of gas remain in the valve, the filament becomes subject to a bombardment by the 
positive ions formed by ionisation of the gas ; this also wears away the surface of the filament. 
The ionic bombaidment of the filament is greatly intensified by high anode voltages and, for this 
reason, the thoriated filament is not suitable for use in high powered transmitting valves. 
Thoriated filaments are seldom subjected to more than about 150 anode volts. 

Normal values of filament current range from 0 -1 to 0*3 amps. 

8. Oxide Coated Filaments.—The oxides of barium, strontium and calcium, are copious 
emitters of electrons at moderate red heat, a fact which was known before the Fleming valve was 
pi oduced. For many years it had been known that a plentiful thermionic emission could be obtained 
at temperatures of about 1,100° absolute from a wire coated with a dope " of any of those oxides. 

3 he first valves to be made with these filaments possessed very long lives and were very economical 
in battery power. Almost all of the ordinary receiving valves arc now of this type. 

It is now generally believed that the oxides are decomposed by the heating and electrical 
treatment to which they are subjected, and that the actual emission of electrons takes place from 
\ the pure metal,— e.g., barium—set free by those changes ; the action appears to be similar to that of 
thorium in the thoriated tungsten filament. 

Normal heating currents range from 0*075 amperes upwards. The application of too great a 
heating current involves the volatilisation of the active metal, and even the oxide coating itself 
If the cathode is not too extensively damaged in this manner, it can be reactivated by slightly 
overheating for a short period, as in tlie case of thoriated tungsten wire. There i.s also a similar 
limitation to the maximum anode voltage. 
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Since coated filaments are not heated so strongly as the other two types, they do not expand so 
much, and consequently it is possible to bring the grid wires of a triode much closer to them, and 
so to increase the control exercised by that electrode. 

The core material most widely used for coated cathodes is nickel, though tungsten, molybdenum, 
and alloys of these and other metals are also employed. The question of cost is the prime con¬ 
sideration, and is only second in importance to the technical requirement that the metal core must 
retain the coating with tenacity. 

The oxide coating may be applied in various ways. In one method, the active material is 
caused to settle on the filament wire after the latter has been assembled in the valve. A barium 
compound—barium azide—is incorporated in a dope ” painted on the inside of the anode. In 
the manufacturing process the anode is heated, the dope volatilises, and some of it settles on the 
filament. The latter is specially prepared and is heated slightly by a suitable current to enable the 
most effective adhesion of barium compound to take place. 


9. Indirectly Heated Cathodes. —These were introduced to enable alternating current to be 
used with receiving valves, a feature of the modern “ all-mains ” receiver. 

If an ordinary filament is supplied with alternating current at commercial frequencies, the 
fluctuations of voltage along its length produce corresponding fluctuations of the valve character¬ 
istics. The detector valve is particularly susceptible to this trouble, producing a hum associated 
with the frequency of the power supply. This is, of course, amplified by the following stages of 
the receiver. 

The indirectly heated cathode overcomes the trouble. The filament itself is not the emitter, but 

provides the heat necessary to produce emission from 
an emitting surface which surrounds it. The heater 
is a stout hairpin tungsten filament, with a standard¬ 
ised rating of 4 volts, 1 ampere. It is coated with 
an insulating material such as aluminium oxide, 
or silica, and is inserted in a close fitting nickel 
cylinder—Fig. 2—on the outer surface of which the 
oxide coating has been sprayed. The coated 
nickel cylinder is the cathode proper, and there is, 
of course, an extra lead from this electrode which 
is connected to an additional pin in the base of the 
valve. The heater takes about half-a-minute to 
warm up the cathode to the emitting temperature, 
a point which has to be remembered w^hen switching 
on receivers using these valves. On account of 
the high wattage of the heater, it is obvious that 
valves with indirectly heatded cathodes cannot be 
used m large numbeis on batteries. 

In counting the electrodes in a valve, the 
heater and cathode count as one ” ; a valve 
with anode, giid and indirectly heated cathode is a “ triode and not a “ tetrode."' 
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Fig. 2. 


10. Materials for Grids and Anodes.— These electrodes are made of various metals, nickel 
and molybdenum being the ones most widely used. In the case of anodes, it is essential to choose 
a metal which has a high enough melting point to withstand the heat generated, both in the process 
of manufacture and in its use, and the one which can be relied upon not to exude occluded gases which 
would spoil the vacuum of the valve. Nickel and molybdenum satisfy these requirements fairly 
well, but tantalum, zirconium, copper, and other metals, are also used in particular cases wdiere 
their respective peculiar properties are of advantage. 

More recently, carbon anodes have found an application in transmitting valves, when it is 
desired to increase the anode rating of the valve without providing cooling arrangements. There 
is the advantage that secondary emission (paragraph 24) is reduced, but against this must be set 
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the technical drawback that carbon anode valves are much more difficult to " out gas than valves 
with metal anodes ; the carbon anodes occlude vast quantities of gas and make the evacuation a 
long process. 

The high melting point of molybdenum makes it expensive to produce sheets of the metal; 
it is therefore the practice to weave cylinders of molybdenum strip, forming anodes of basket-like 
appearance. The strip is about 1 ■ 5 mm. wide and is produced by rolling thin wire, a comparatively 
cheap operation. 

During the process of manufacture, every attempt is made to eliminate the gases occluded in 
the electrodes. These are heated as much as possible after assembly, and the evolved gases pumped 
away. When the vacuum falls, a valve is said to become “ soft " ; this may sometimes occur when 
a valve is in use, and may be due to the heating of the anode to a temperature higher than that 
employed during manufacture, resulting in the evolution of further small quantities of occluded gas. 

Fig. 3 illustrates some of the various forms of electrode construction used in small receiving 
valves ; it shows the horizontal and vertical method of electrode assembly, the right-hand valve 
being a double diode. 


11. Anode Rating of Valves.—When electrons are driven across the space from the filament 
to the anode, the electronic bombardment produces heat in exactly the same manner as that produced 
when bullets hit a target. If 1 ampere is flowing, and the P.D. is 1,000 volts, then the rate at which' 
energy is converted into heat in the anode is 1 ampere X 1,000 volts = 1 kW. Valves have to be 
designed with anodes capable of dealing wilh the heat generated in this manner. In small receiving’ 
valves a few milliampercs flow under a P.D. of 100 volts or so, and the anodes are only required 
to deal with a fraction of a watt or perhaps a few watts. But in large transmitting valves, the powerl 
which is wasted as heat may be many kilowatts, and it is necessary that the shape, size and natures 
of the anode should enable this heat to be dissipated safely without injury to any parts of the valve.( 

If a valve is overrun, there is the risk of actually melting the anode. This sometimes happens' 
in small transmitting valves with nickel anodes. As a very general rule, it may be stated that' 
from one-third to one-half of the energy supplied to a valve maintained oscillatory circuit is unavoid-' 
ably wasted in heat in the anode. Thus, a transmitting unit is limited in power by the heat which 
the valve can dissipate, and the trend of valve development, for many years, has been to produce 
larger and larger valves with improved devices for conveying away this wasted energy. 

The power which can be safely dissipated at the anode is generally referred to as the “ anode 
rating " of the valve. J 

12. Valve Envelopes.—The function of the envelope is, primarily, to enclose the electrodesjl 

in a space which may be evacuated, and the earliest envelopes were the glass bulbs commonlyjj 
employed for electric lamps. In those valves, the heat dissipated at the anode has to be lost by 
radiation through the bulb, a fact which limits the maximum power which can be developed. As® 
design progressed the glass bulbs became larger, but a practical limit was reached by the productions^ 
of 1 - 5 kW. valves using molybdenum anode.s in special heat resisting glass. Fig. 4 shows a medium^ 
powered glass valve. ^ 

Envelopes of pure fused quartz (or silica) were introduced in England for transmitting valves" 
towards the end of the Great War. This material does not expand appreciably under change of 
temperature, and is, therefore, never cracked by heat; moreover, it does not soften imtil ita^ 
temperature reaches 1,500® C. Glass softens at about 450° C. and, as is well-known, readily cracks^ 
on sudden heating or cooling. ^ 

Silica is an ideal material for valve envelopes, and it is possible to produce silica transmitting 
valves of size smaller than the 1 *5 kW. glass valves, yet capable of dissipating at their anodes 
much as 6 kW. Many different ratings of silica valves have been standardised. Figs. 5 and 6 (6)?J 
show some t 5 rpical silica valves of power rating from 2 ■ 5 kW. to 15 kW.; the Service range exf 
upwards to 20 kW. 
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A particular advantage wliich a silica envelope has over others is that it can be opened easily 
for repair. The silica is cut with a carborundum wheel, and access is given to the electrode assembly ; 
after the repair has been effected, the envelope is re-fused with the oxy-hydrogen flame and the 
envelope completed exactly like a new valve. Defective silica valves are thus nearly equal in 
value to new ones, and should be handled with just the same care. 

Silica valves with anode dissipations higher than 20 kW. became possible when water-cooling 
of the anode was introduced. A most successful type is the one in which the anode itself is made 
part of the envelope. In that case the anode consists of a cylinder of copper, or chrome iron, having 
an open end, and a glass tube is sealed on to that end in order to complete the envelope and form 
an insulating support for the other electrodes hanging inside the anode. The anode is surrounded 
by a water jacket which provides the necessary cooling, as shown in Fig. 6 (a). Valves of this type 
have been standardised having anode ratings up to 500 kW., and large numbers of 100 kW. valves 
are now used in connection with broadcasting and long range W/T work. 

13. Valve Seals. —In all types of valve, provision must be made for electrical connection to 
the electrodes from outside the bulb. For this purpose a conductor has to be scaled into the material 
of the valve envelope, a process which presents a number of special problems. One obvious difficulty 
consists in the difference between the coefficients of expansion of the metal conductor and the 
vitreous insulator forming the envelope ; the difference must not be too great, or stresses will be 
set up which may result in the fracture of the envelope. 

In small receiving valves constructed like electric lamps, all seal conductors were, formerly, 
platinum wires pinched in the glass stem which supports the internal parts. Platinum has practically 
tlie same coefficient of expansion as glass, and moreover, the molten glass adheres to it so that a 
good vacuum tight seal can easily be made. In most modern valves of this type a cheaper sub¬ 
stitute is employed. A nickel-iron alloy has been produced with approximately the same coefficient 
of expansion as glass. Moreover, many new glasses have been made to withstand higher temperatures 
and to form seals with various standard metals. The nickel-iron alloy will not itself adhere to the 
glass, and so the wire is coated with copper, since the latter has been found to weld satisfactorily 
to glass. This platinum substitute or copper-clad wire is considerably cheaper than platinum ; 
copper wire itself cannot be used since its coefficient of expansion is too high. 

In the metal-glass valve with the water-cooled copper anode (Fig. 6), there is an additional 
large seal where the anode is welded to the glass portion which forms the upper half of the envelope. 
This big seal is made possible by means of a “ Housekeeper joint (after its inventor), which provides 
for coinperisalion of the stress in such a manner that the risk of fracture is almost eliminaled. 

Some hard glasses have been developed having softening temperatures from about 550° C. 
upwards ; these iiie specially suitable for sealing to tungsten and molybdenum wires up to 1-5 mm. 
in diameter. Quite large seals have been made between a chrome-iron alloy and a specially hard 
glass. 

With silica valves, the problem of the seal is rendered more difficult by the very small coefficient 
.)f expansion of silica. Moreover, the usual glass teduiique of heating the vitreous material until 
it fuses round the wire cannot be adopted, since the softening temperature of silica is so high 
[1,500° C.). Actually, only one metal, lead, has been found to adliere properly to silica, and this 
:an only be used by melting a thin pencil of lead inside a thick walled cylinder of silica. Internal 
ind external conductors are embedded in this plug of lead al its opposite ends. Examples of these 
ead seals may be seen at the ends of the tubes protruding from the silica valves shown in Fig. 5. 
rhe silica appears to be strong enough, or the lead perhaps sufficiently ductile, to stand the stress 
liie to the difference in expansion. Lead melts at 327° C., and when the conductors carry currents 
>f the order of 50 amperes and upwards, air cooling of the seals may be required. 

14, Importance of the Vacuum. Ionisation.— Some of the disadvantages of a “soft" 
;ulve have been referred to briefly in paragraphs 7 and 10 ; most of the trouble is due to the 
phenomenon known as '* ionisation." 
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Everyone is now familiar with the appearance of the glow discharge tubes, widely used for 
advertising and decorative purposes, which are commonly (and often erroneously) called neon 
tubes. These sources of light do not contain hot filaments, but simple traces of certain gases at 
low pressure in the space between two electrodes in a glass tube. For more than half a century it 
has been known that the application of high D.C. potentials to these electrodes caused the gases 
to glow with colours characteristic of the particular gas. Before Fleming invented his valve, it 
was known that the origin of the glow is due to the impact of the electrons (from the cathode) on the 
molecules of gas. The electronic bombardment of the neutral molecules splits them into particles 
of atomic size, each associated with opposite charges of electricity, positive and negative ions 
respectively. The process is known as “ ionisation by collision " and is accompanied by the 
emission of light, the colour of which is characteristic of the gas. In nature this effect is observed 
in the Aurora Borealis or “ Northern Lights,” an effect which is believed to be due to the ionisation 
of the rarefied gases of the upper atmosphere by high speed electrons emitted by the sun. 

The speed of an electron depends jointly on the potential difference between the electrodes, and 
the mean free path between molecules of gas. If the electrons are not moving fast enough when they 
hit the molecules, no ionisation will occur. For this reason, if too much gas is present, the electrons 
cannot travel far enough between molecular collisions to acquire a velocity adequate for the 
produce of ionisation. If too little gas is present, electrons can travel throughout the entire 
space Avithout encountering any molecules of gas to ionise 

The negative ions, produced by ionisation, ti avel in the same direction as the original bombarding 
elections, constituting, in effect, additional carriers of the electric current. The positive ions 
travel in the opposite direction, towards the cathode, and it is this result of ionisation which produces 
the most deleterious effect. When the cathode is bombarded by positive ions the active surface is 
usually destroyed in the case of oxide coated electrodes, or the filament is disintegrated in the case 
of a bright tungsten wire electrode. Moreover, the stream of negative electrons and ions flowing 
away from the cathode will very considerably increase the anode current, and the anode dissipation 
may be increased to a dangerous extent; in addition, the currents through the valve (or discharge 
tube) will usually be erratic in magnitude, and uncontrollable. 

In certain cases use may be found for “ soft ” valves (H.ll), but for most purposes “ hard 
valves having the highest possible vacuum will be required. 

15. Evacuation Processes.—These aim at the elimination of all occluded gases, and not only 
that filling the valve itself. For this reason, during the pumping process it is necessary to make all 
parts of the valve much hotter than they would ever become during subsequent usage. Hence, 
the pumping technique also involves two other main operations, a general baking process directed 
equally at all components, and a special heat treatment directed particularly at the metal electrodes. 

Wliile the pumps are working the valve is baked in an electric or gas oven to the highest 
temperatures which its materials will stand without softening of the envelope. For valves with 
envelopes wholly or partly of glass, the limit is about 450"^ C., for above this temperature the glass 
softens and would be deformed by the pressure of the external atmosphere. Silica valves, on the 
other hand, can be baked at 1,000° C. and, consequently, more thoroughly out-gassed by this baking 
process. 

The special heat treatment of the metal parts inside the valve is achieved by electrical methods. 
These are of two main types —'' bombardment methods ” and “ eddy current methods.” All 
materials have certain quantities of various gases adsorbed on their surfaces, and absorbed or occluded 
inside them, and the object of aU heat treatment is to cause these gases to be released. 

The E.C.H. (eddy current heating) process is used for heating the metal parts of receiving 
valves and small transmitting valves. They are surrounded by a coil in which high frequency 
current flows, and the metal parts inside the valve are heated by the eddy currents thus generated 
in them. The coupling to the H/F coil controls the heating effect, the whole process being very 
rapid ; in a few seconds all the metal parts in the valve can be brought to a bright red heat. Damage 
to the fllament is avoided by leaving the filament circuit open during the E.C.H. treatment. 



16-17 


Section ” B." 


The electrodes of large transmitting valves are heated by an electronic bombardment 
method. The tungsten filament is lit, and high potentials are applied to the other electrodes in 
turn, so that those elements are heated by electronic bombardment. The process is carefully 
controlled so that the gases, which are evolved in puffs, do not involve risk of ionisation, and 
consequent damage to the filament. 

Both of the above electrode heating processes are carried out with the pumps working. 

Following the evacuation process is the operation of sealing off the valve from the pumping 
equipment. A gas flame (for glass valves) or an electric arc (for silica valves) is applied to the 
exhausted tube quite close to the valve. This softens the tube and the external atmospheric 
pressure causes it to collapse inwards ; the heat is adjusted so that the tube fuses completely at the 
moment of collapse. A pip '' remains on the valve, and used to be visible at the top of receiving 
valves, and at the end of electric lamp bulbs ; in recent years, this has been concealed in the base or 
cap of the article. 

In receiving valves, and in some low power transmitting valves, an additional process known as 
gettering is used for improving the vacuum. During assembly, a small piece of magnesium, 
or an alloy containing barium, is attached to a little disc of copper, or ring of nickel, which is put 
in such a position that it can be heated by eddy currents quite independently of the main E.C.H. 
process described above. Gettering is done either immediately before or after sealing off; the 
magnesium or barium “ getter is volatilised and settles on the cold glass envelope in fine particles, 
forming a highly absorbent mirror which collects any minute traces of gas still remaining free in 
the valve, or which may be evolved subsequently. The vacuum is reduced to about one ten- 
millionth of an atmosphere, and is the most perfect which can be easily obtained. 

Small receiving valves may be exhausted in about 10 to 30 minutes by automatic machinery. 
Transmitting valves, and laige amplifying valves, are treated individually and carefully watched. 
The evacuation process usually la.sts at least 5 or 6 hours ; for the most powerful valves 2 or 3 days 
are required. 

16. Metallised Valves. —In many cases, when valves are used in R/F circuits, it is desirable 
to isolate the electrode assembly by means of an electrostatic screen. This may be accomplished 
by sui rounding the valve with a metal conductor, such as a copper can, but is now more usually 
done by coating the outside of the valve with a metal composition, the latter being applied by a 
paint spray gun. The metallised coating may be connected to the cathode and is usually earthed, 
connection being taken to a separate pin in the base of the valve. With the introduction of metallised 
valves, receiver constniction using screen grid valves (paragraph 41) was considerably simplified. 

17. Demountable Valves. —The normal end to the life of a transmitting valve comes when 
the filament burns out. For many years attempts have been made to design a valve which could 
be opened and refitted as requisite at the transmitting station. In all such installations high 
vacuum pumps must be run continuously, and the station is uneconomical unless the power of the 
unit is high enough to justify the expense of the pumping system. 

The necessity for a supply of liquid air, for use in conjunction with the mercury vapour pumps, 
for a long time constituted a serious difficulty. In these pumps a stream of vapour from boiling 
mercury is directed in such a manner that it drags molecules of air and other gases along a tube 
with it to a position where the mercury condenses, and the accumulated gases are removed by 
subsidiary pumps. The cooling of the tube connecting the mercury vapour apparatus to the valve 
being evacuated is usually accomplished by surrounding it with liquid air. 

During 1928-29, research workers in the Metropolitan-Vickers Electrical Co., Ltd., developed 
oils (extracted from the various petroleum lubricants), which have exceedingly low vapour pressures 
at ordinary temperatures. It was found that these could be used instead of mercury in the vapour 
or condensation pumps, and, because of their extremely low vapour pressure, the necessity for 
cooling by liquid air does not arise. Demountable valves which are pumped continuously by the 
Metro-Vick oil pumps have been developed up to powers of 500 kW. Delay in starting up the 
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pumps, and the much longer delay immediately following the replacement of the filament, may be 
disadvantageous for some radio purposes, except in stations where there are ample facilities and 
space for reserve sets. 

18. Valve Failure. Signs of Age. —Valve failures may be due to various causes, but 
principally they are due to failure of the vacuum, or failure of the cathode emission. 

FAILURE OF THE VACUUM.—A hard valve may become soft due to a crack in the 
envelope, a leaky seal, or by excessive heating of the electrodes. Cracks in the glass envelope 
sometimes develop and are due to faulty annealing during manufacture. In the presence of much 
oxygen a bright tungsten filament will oxidise rapidly, producing thick yellow smoke and blue 
tungsten oxide. If a crack is observed in a silica valve it should on no account be lit; the oxidation 
of the filament adds much to the work and cost of repair. 

The first evidence of failure of the vacuum is usually a blue glow seen in the neighbourhood of 
the filament. The latter represents the bombardment of the filament by positive ions, a process 
which will ultimately lead to its disintegration. Sometimes a valve becomes temporarily soft due 
to the evolution of occluded gas from an overheated electrode. In those cases the gas will sometimes 
disappear in use, due to the “ cleaning up action of tungsten. In the latter process it appears 
that a little of the tungsten filament is disintegrated by the ionic bombardment and is driven on to 
the walls of the envelope, where it settles down and functions as a getter. The same action may 
sometimes occur in the case of a coated cathode, but, usually, if sufficient gas has appeared to cause 
a blue glow it is quite enough to ruin the cathode immediately the high potential is applied to the 
anode. 

It will be shown later that “ reverse grid current " (B.29) gives a definite indication of the 
state of the vacuum in the valve. 

FAILURE OF CATHODE EMISSION.—Bright tungsten filaments gradually wear thin, 
due to volatilisation of the surface as well as to the effects of ionic bombardment. The thinning is 
not uniformly distributed, and is most marked at the middle of the filament where the wire is 
hottest; the ends of the filament are cooled by contact with the supports and, consequently, do 
not volatilise so quickly. This decrease in diameter causes an increase in resistance, with a corre¬ 
sponding decrease in heating current and in cathode emission. If the wearing away of the wire 
occurred uniformly, no appreciable loss of emission would be noted, since the reduced current would 
be adequate to maintain the thinner wire at the original temperature. In practice, the nett effect 
is a sufficient reduction in temperature to reduce the total emission from the filament. This cause 
of loss of emission only operates after a very long life, unless the valve filament has been overheated 
by excessive current for considerable periods. 

Occasionally a “ hot spot ” occurs on the filament due to some entirely local cause, such as a 
change in crystalline structure. This has an effect entirely different from that described above ; 
intense local emission and volatilisation occur, resulting in a very short life usually terminated by 
fusing and the formation of a brief arc. 

In the case of oxide coated filaments, loss of emission is usually the result of the application of 
excessive potentials. Too high a voltage applied to the anode produces “ stripping '' of the cathode 
(paragraph 8). 

Loss of emission is usually made apparent by an alteration in the valve constants ; decreases 
and increases (B.30). 

19. Miscellaneous Valve Defects. —^Most of the other defects which occur in valves are due 
to faults in manufacture. The most common defect in a receiving valve is an intermittent contact 
or open circuit, due to faulty welding of parts inside the valve, or faulty soldering of external leads. 
Some modem receiving valves, with indirectly heated cathodes, sometimes suffer from faulty 
insulation between heater and cathode. This is a difficult defect to locate in a multi valve receiver, 
since the fault is usually intermittent and may disappear on switching the supply on and off again, 
The evidence is usually a form of hum or rattle. 
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Silica valves occasionally have external leads which work loose in the lead plugs of the seals. 
These can be re-fixed quite easily by melting the top of the lead with a small blow lamp. 


20. The Emission Current. —The emission from the filament (paragraph 5) varies with the 
heating current in accordance with a somewhat complex law. The general form of the curve is 
shown in Fig. 7, and is the same for each type of cathode. 

It agrees closely with the formula 


i = AT*e j 
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distinctly less bright, though definitely glowing, 
this type of filament was introduced. The sam 


where i = electron emission in amperes per 
square centimetre, 

where T = temperature in degrees absolute, 
where c = the base of Naperian logarithms 
(2-71828), 

where A and b are constants which are 
characteristic of the cathode 
material. 

For pure tungsten A = 60, and b = 52,400. 
For thoriated tungsten A = 3 and 6 = 30,500. 
The values of A and b for the oxides'' have 
been investigated by many experimenters, but 
their results differ widely. A appears to be 
about 0-001 and b varies from 12,000 to 
20 , 000 . 

The operating temperature for pure 
tungsten is approximately the same as that of 
a filament in an electric lamp. Thoriated 
tungsten valves (paragraph 7) have filaments 
and hence arose the name “ dull emitter when 
5 term is used for the oxide coated filament valves. 


rnd is more justified in this case, for the operating temperatures are so low that in certain types of 
valve the glow from the filament is practically ml. 

The steepness of the curve indicates the rapid increase in temperature of the filament with 
Jbeating current, and is an indication of the cause of the shortness of life to be expected in a valve if 
[he filament temperature is not carefully controlled. 


^ 21. The Anode Current.—The anode current, measured by the milliammeter in Fig. 1 {a), 

;vill not be equal in value to the emission current unless the anode potential is high enough to attract 
jivery electron emitted by the filament. Under normal conditions, the anode current increases as 
he anode voltage is raised up to the potential at which the anode attracts all of the emitted electrons. 
jVfter that point no increase in anode current is possible, no matter how much further the anode 
t mltage is increased. 

( ITie limiting value of anode current is called the saturation current, and is the total available 
: [lament emission. The anode current can only be increased, for higher anode voltages, by increasing 
a he filament temperature and thus increasing the available emission current. 

- The rise in anode current, with fixed filament temperature and increasing anode voltage, foUows 
curve of th6 form shown in Fig, 8, and is found to follow the law 



here K = a numerical factor, 


here r = radius of the cylindrical anode surrounding the filament, 
here == anode current, 
here = anode voltage. 
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This is an important relationship and is known 
as the “ three-halves power law.** The curve 
rises until the anode current attains the saturation 
value, when it bends over and becomes horizontal, 
except in the case of coated cathodes which do not 
show a steady saturation value, the emission 
current continuing to increase with increase in 
anode potential, but not in accordance with the 
formula quoted above. 

The saturation current is never reached in any 
serviceable thermionic valve, as the filament is 
designed to give ample emission, easily covering 
the highest anode voltage which may be applied. 
In order to obseive the saturation effect in a 
standard type of valve, it is necessary to reduce the 
filament current and so limit the available emission. 


In a valve with more than two electrodes, the 
emission current can be obtained by connecting 
the terminals of all the other electrodes—except, 
of course, the cathode— to the anode terminal, and thus treating them as one collecting electrode. 
When the cathode is a coated one, care must be taken that it is not stripped by the application of 
too high a voltage at the adjacent electrode. 

The behaviour of the anode current may be investigated from another point of view. Let us 
consider the voltage between anode and filament as constant, and raise the filament heating current 
iind hence the filament temi)eratui c. For low values of filament temperature the available emission 

is so small that the applied anode voltage will attract 
all the electrons ; these conditions will hold with increasing 
fil'iUnent temperature, until the latter rises to such a point 
that the emission current just equals the current the 
anode is capable of attracting. This effect is shown in 
Fig 9, which lepresents the maximum anode currents 
which tlie respective anode potentials are able to collect 
with varying filament temperatuies. As the temperature 
is increased still further, only a portion of the emitted 
electrons are collected by the anode and the remainder 
fall back towaids the filament. 

Emitted electrons which are in excess of the demands 
for anode current remain in the neighbourhood of the 
filament, forming a negatively charged cloud which is 
known as the “ space charge.** Further heating of the 
filament simply makes the space charge become more 
dense, the anode current remaining at a steady value. 
J'he presence of a space charge has the effect of preventing 
some of the emitted electrons from coming under the 
influence of the attractive force of the anode; partial 
neutralisation of the effect of the space charge may 
sometimes be effected if positive ions are present 
(H.Il). 



22. The Diode, Uees of Hard and Soft Diodes.—The form of the characteristic curve 
uf a diode, showing the relation between the anode voltage and the electron current flowing from 
lUament to anode, is the same as that of the simple curve shown in Fig. B, and is described by th<^ 
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three-halves power law. The diode is the simplest of the valves, and has a number of uses which 
include;— 

(a) Power rectification of A.C. supplies (H.2-3). 

(b) Detection of modulated wave forms in high quality R/T receivers (N.27). 

(c) The provision of the various forms of A.V.C. (N.35). 

X-ray tubes are also diodes, but discussion of their design and characteristics is outside the scope o^ 
this work. 


An interesting static characteristic of a high power silica rectifier is shown in Fig. 10. The 
curve shows signs of reaching saturation at about 2-5 amperes emission, with about 1,500 volts on 

the anode, but instead of becoming horizontal it con¬ 
tinues to rise. This is because the anode is becoming 
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hot by the bombardment of the electron current, and, 
consequently, the loss of heat from the filament is 
restricted; the filament becomes hotter and it emits 
more electrons. 

This type of valve is used in high power rectifying 
panels (H.4), and would supply power with a loss of 
about 1,000 volts in the diode. The mean current 
would then be of the order of 2 amperes, and the A.C. 
resistance of the valve approximately 500 ohms. The 
A.C. resistance is made as small as possible by making 
large both the emitting surface of the cathode and the 
collecting surface of the anode, and locating each as 
close to the other as possible. 

In simple full wave rectifiers, such as those used to 
give the requisite potentials in a receiver, the two diode 
valves are usually included in one bulb ; these double 
diodes produce economy both in space and in cost, 
and usually employ the same cathode. 


Hard diode power rectifiers involve considerable loss of power ; for this reason, soft diode 
mercury vapour rectifiers have been coming into favour in recent years (H.ll). Ihe deleterious 
effect of ionic bombardment of the cathode is countered by suitable control of the potential drop ' 
across the valve. 


23. Introduction of the Grid. The Triode.—The third electrode introduced by de Forest 
in 1907, and named by him the ‘‘ grid,’' consists of an open wirework, either a spiral or mesh, and is 
placed between the cathode and the anode. The potential of the grid relative to the cathode 
exercises a controlling effect on the electron current of the anode, while, due to its open construction, 
it does not act to an appreciable extent as a collecting electrode. In practice, the potential of the 
grid is varied ; incoming signals produce voltage variations across the tuned circuits which are 
ultimately applied between grid and cathode of a valve, with consequent variations of the anode 
current at the same frequency. Until about 1924 the only type of valve in common use was a 
triode with a filamentary cathode. 

The very important position which the three-electrode valve occupies in wireless engineering, 
and in allied sciences, is due to the remarkable control which the grid exerts on the anode current. 
ITiis is illustrated by the graph. Fig. 11, which shows how the anode current of a standard type of 
receiving valve varies with changes in grid voltage. 

Starting with the grid potential at a considerable negative value with respect to the negative 
terminal of the filament, and gradually reducing this negative value, it is observed that no anode 
current will flow, although the anode potential is 50 volts, until the grid potential reaches —5 volts. 
As the grid potential changes from —5 volts to zero the anode current rises to about 0-7 mA., and 
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it continues to rise as the grid voltage increases in the positive direction. The anode current, in 
the example shown, attains the saturation value, of approximately 1 -5 mA., when the grid voltage 
reaches 6 volts positive. This curve describes the relationship, in this particular valve, between the 
anode current and the controlling grid voltagj. It is usually termed a MUTUAL CHA1L\CTEK- 
ISTIC of the valve, and a family of such curves taken at various anode voltages can be used for 
ascertaining the behaviour of the valve under various circuit conditions. 

The grid itself begins to take current at about zero grid voltage, but this current is very small 
at first. In the case shown in Fig. 11, for example, the grid current is only about 100 microamperes 
when the anode current has attained its maximum value of 1 *5 mA. at about 5 to 6 volts. Thus it 
would appear that, for negative and small positive values of grid voltage, the grid exercises consider¬ 
able control over the anode current with practically no expenditure of energy itself, i.c., with a 
minimum of damping in the input circuit to the grid. But this question is complicated by the 
inter-electrode capacities, owing to which the output circuit may be responsible for power being 

consumed by the input circuit, even when no grid 
current is flowing. However, with properly-designed 
apparatus this effect can be made a minimum, and the 
fullest advantage taken of the amplifying property 
of the triode. This is the properly of the thermionic 
valv^^ with a control grid which gives it its unique 
position as an amplifier in wireless reception. 

A mental picture of the action of the control grid 
may be obtained with the conception of lines of force 
as illustrated in Fig. 12, which shows luilarged diagram.*? 
of portions of the three electrodes. These lines represent 
the idea of strain, or attraction between positive and 
negative charges at the ends of the lines. Tlius lines 
of force connect positive charges on the anode with 
negative ones of the filament or in its vicinity. In 
Fig. 12 the electrostatic field is shown between the 
electrodes without the presence of electrons, in order 
to make the position more easily understood. The 
arrowheads indicate the direction in which electrons 
tend to move, and not the direction of conventional current. 

Wlien the grid is negative with respect to the filament [Fig. 12 («)], the lines of 
force between the grid and filament represent the strain in the reverse direction, i.e., electrons 
are forced back to the filament by the negative grid potential. If the grid potential is 
sufficiently negative, the influence of each wire will extend along the greater proportion of 
the filament and entirely suppress the emi.ssion current. 

Wlien the grid potential is neutral with respect to the filament there is no electrostatic 
strain between the two electrodes, and electrons are therefore removed solely by the strain 
represented in Fig. 12 (b) by the lines of force joining anode and filament between the grid wires. 

When the grid potential becomes positive. Fig. 12 (c), the direction of the field between 
grid and filament is ever3rwhere such as to draw electrons away fr^m the filament, but, 
because of the large spaces between the grid wires, the majority of the Tines of strain connecting 
filament and grid are curved. All the electrons which are initially given an outward impetus 
by the grid potential travel faster and faster under this attraction, and because of their acquired 
momentum the majority of them do not keep to the original curved lines of strain, but are shot 
through the open spaces between the grid wires. Practically, only the electrons which are 
drawn straight to the grid wires actually reach them, and hence the grid current is small. 
All the others pass through the interstices of the grid and travel on to the anode. The greater 
the grid potential, the greater becomes the field intensity near the filament, and the quantity of 
electrons removed to the space outside the grid is correspondingly increased. 
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At high positive values 
of grid potential—ap¬ 
proaching the anode poten¬ 
tial—^the concentration of 
the field considerably in¬ 
creases the grid current, 
and if the grid potential 
exceeds the anode potential 
there will be a reverse field 
outside the grid tending to 
send back to the grid the 
electrons which have passed 
through. The grid current 
will then be very high. Such 
an effect does not occur in 
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Fig. 12. 


valves operating in re¬ 
ceiving apparatus, but con¬ 
ditions approaching it some¬ 
times occur in transmitting 
valves (K.61). 

24. Secondary Emis-^ 
Sion.— It has been shown 
by numerous experimenters 
that when electrons hit an 
electrode, such as the grid 
or anode of a valve, they 
may cause the ejection of 
other electrons by their im¬ 
pact. These “ secondary 
electrons *’ may actually 
exceed in quantity the 
primary electrons which 
produce them (K.ll). Ob¬ 
viously they can only be 
detected by being collected 
on an appropriate electrode 
at a higher potential than 
the target electrode. 
Secondary electrons emitted 
by the anode of a triode at 
high potential are attracted 
back to the anode by this 
potential, but secondary 
electrons emitted by a grid, 
which happens to be at a 
potential sufficiently high 


to cause the production of secondary emission, may pass to the anode which is normally at a 
still higher potential, and thus the secondary electrons are included in the anode current. The 
effect, in general, is very undesirable, and numerous efforts have been made to prevent it by coating 
the grid with various materials, but no satisfactory solution is known at present. A particular 
effect which sometimes arises with a transmitting valve, and is known as blocking, ’ * is an example 
of limitation of operation by secondary emission. The conditions of a transmitting circuit cause 
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the grid potential to swing positive and negative. If these conditions produce such a relatively 
high positive swing that the grid current becomes very large, the resulting secondary emission from 
the grid may make the grid potential so much more positive that it cannot return. The result is 
a cessation of oscillations in the circuit and a great increase in both anode and grid currents at high 
static potentials, with consequent great risk of overheating one or both electrodes (K.l 1). 

25. Trlode Characteristics. Valve Testing Circuit. —It has been shown in the preceding 
paragraphs that there are two currents flowing in a triode, the anode current and the grid current. 
These vary with the cathode emission, the grid voltage, and the anode voltage. It is usual to represent 
the relationships between tliese live variable but mutually independent quantities by graphs, some 

of which are of great value in estimat¬ 
ing the behaviour of the valve under 
working conditions. These graphs are 
termed “ characteristics " of the valve. 
Lach graph is one showing current 
variation, plotted against voltage varia¬ 
tion, and, obviously, several types of 
such curves may be produced, and it is 
necessary to select those of most value 
for the particular purpose. 

Fig. 13 shows a simple circuit suitable 
for testing directly heated triodes. The 
figure is self explanatory, and indicates 
that variable voltages may be applied 
to the filament, grid, and anode, and the 
corresponding currents observed in suit¬ 
able ammeters. It will be noted that all 
voltages are measured with respect to 
the L.T. negative terminal, and that 
ammeters are placed in such positions 
that they do not carry, and give in¬ 
accurate results by indicating, the currents 
flowing through the corresponding volt¬ 
meters. This is particularly important in the grid circuit, where the current between filament 
and grid through the valve may be only a few microamperes. 

Valve test boards designed to test all kinds of multi-electrode and multi-purpose valves will 
vary in complexity with the number of tricks they can perform. Considering any given use of 
such a board, there will always be an essential simplicity illustrating the above principles, 
and no useful purpose would be .served by considering the diagram of a comprehensive test 
board. 

In practice, the valve manufacturer always specifies the optimum conditions under which the 
valve should be operated. It is usually of importance to adhere to these conditions, particularly 
in regard to those which determine the heating of the filament. 

26. Mutual Characteristics. —The curves of most general use for triodes are those showing 
the effects on the anode current due to changes in the grid voltage, referred to in paragraph 23 ; 
these curves are termed the mutual characteristics of the valve, and a t}^ical set for a 
small triode used for reception purposes is given in Fig. J 4. 

In determining a family of these curves it will usually be most convenient to set the grid 
bias at a fixed value, and to observe the anode current given by different anode voltages. 
This determines a number of points, one on each curve, and further points are obtained 
by setting the grid bias to some other value and obtaining a second set of readings of 



VALVE TESTING CIRCUIT. 

Fig. 13. 
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Mutual Chamcterii^tics of Tnode. 
Fig. 14. 


anode current. In 
this way a complete 
set of readings may 
be obtained, and the 
curves drawn from 
them. 

The lower portion 
of the characteristic 
follows, approximate¬ 
ly, the “ three-halves 
power law (para¬ 
graph 21), but the 
graph becomes a 
straight line and con¬ 
tinues as such until 
the anode current 
approaches the value 
of the maximum 
available emission, or 
saturation current, 
when it curves over 
and becomes almost 
horizontal. As a 
general rule it also 
falls as the positive 
so reduces the current 


grid potential is increased, because the grid itself collects electrons and 
flowing to the anode [cf. paragraph 29). 

The graphs corre.sponding to higher anode potentials are of a form similar to those taken at 
lower potentials, but displaced towards the left of the diagram, as shown in Fig. 14 The straight 
portions are nearly alw'ays of increasing steepness and attain very slightly higher saturation values 
as the anode voltage is increased. 



Amode current - orio volts cKARAcrcRisTic curveCwkryinq If). 

Fio. 15. 


If the filament cur¬ 
rent is increased, the 
maximum value of 
the anode current is 
raised and, in addi¬ 
tion, the slope of the 
straight portion of the 
characteristic is 
slightly increased — 
Fig. 15. These two 
effects, viz., increase 
of maximum current 
and increase in 
“ slope," either to¬ 
gether or separately, 
sometimes have the 
effect of improving. 
the operation of a 
receiver or trans¬ 
mitter as will be 
understood from sub¬ 
sequent discussion. 
There is, therefore, a 
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temptation to overrun filaments to obtain better results. Occasions may arise when this 
technical offence may be justified by the necessity for achieving certain results, but the risks 
which have been previously mentioned in this section will have to be remembered. 


27, Anode Characteristics. The Load Line. —family of (Curves called the anode 
characteristics are obtained by plotting anode current against anode voltage, the grid voltage 
being kept constant for each curve. Fig. 16 shows a typical set of these characteristics for a small 
receiving valve. 
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ANODE CHARACTERISTICS OF TRIODE.. 
Fig. 16. 


The filament of the valve, in the example shown, 
provides ample emission, and therefore no saturation 
is reached on these graphs, which indicate at least 
10 milliamperes of available emission. If the filament 
had (say) 8 milliamperes of available emission, the 
curves wuald bend over and become horizontal at 
that value ; they would, in fact, be special cases of 
the general form shown in Fig. 8 . Moreover, if the 
valve were a transmitting valve, there would be some 
very evident limiting value of positive grid bias on 
exceeding w^hich little further increase in anode 
current results. Under those conditions there would 
be a characteristic curve on the left of the graph 
which is usually known as the “ limiting edge.” 

The anode characteristics are, in general, prob¬ 
ably more useful than the mutual characteristics for 
determining the behaviour of a valve under various 
circuit conditions; valve manufacturers are now 
including them in their catalogues more than 
formerly. 

The anode curves can easily be drawn from the 
mutual curves. Thus, in Fig. 14, a group of readings 
may be taken where the characteristics cut the 
vertical ordinates at (say), = + 2 , — 0 , 

= — 2 , etc., and each group gives the data for 


one of the curves in a family such as Fig. 16. 

As before, when taking characteristic curves of valves in the laboratory, it is more convenient 
to take the series of readings with fixed grid volts and to vary the anode volts ; any other method 
is troublesome, since changes in grid potential produce anode current alterations, and the alterations 
of potential in the anode potentiometer produce changes in the anode voltage. 

As an example of the use of anode characteristics, consider the simple circuit of Fig. 17 (a), 
and the corresponding graphs, Fig. 17 ( 6 ). The triode has a load equivalent to a resistance R in 
the anode circuit, and power is supplied from a high tension battery of voltage V. Let represent 
the voltage applied to the grid. 

If is adjusted to a steady negative value so that I^ falls to zero, the voltage on the anode 
will be V. Let A [Fig. 17 ( 6 )] represent these conditions. 

If a current is allowed to flow in the anode circuit by adjusting the grid bias, the voltage 
drop between the high tension supply and the anode will be 1^ X R, and the anode voltage becomes 
V — RI 3 . Suppose the point C on the graph represents the new conditions. Draw the straight 
line ABCDEF, cutting the characteristics at the points indicated by these letters. Draw CH 
perpendicular to OA. OH obviously represents the voltage on the anode which is V — RI,,, and 
CH represents the corresponding current I^ ; AH represents the voltage drop in the external load, 
= RI„. 
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1 R is constant, i.e., cot 6 is constant, and therefore 
the series of conditions brought about by a 
< R swing of grid voltage of amplitude AF, will be 

> represented by the straight line ABCDEF, 

I called a “ load line.” It is a characteristic of 

Q i V. the circuit and not of the valve alone. The load 

I line is drawn across the anode characteristics at 

an angle representing the external conditions, 
y ^ and is used to give information concerning the 

i r I amplitude of grid swing and the external con- 

— - -J ditions of anode current and voltage. 

When a valve is receiving an osoillatory 
ta) input, the mean bias potential of the grid with 

respect to the filament is either determined 
automatically, or else held at a pre-determined 
value. Thus, suppose the working point is 
determined by the mean grid bias of —1 volt, 
it may be represented by the point D on the 
graph ; the load line is drawn through D and the 
angle 0 determined by cot 0 = R. As the grid 
swing.s about the working point D, corresponding 
changes will take place in the anode current. 
It does not, however, follow that equal chiuiges 
in grid voltage will be accompanied by equal 
alterations of anode current ; this will only be 
the case if the load line made equal intercepts 
FE, DE, etc., with the various characteristics. 
It is these inequalities of anode current variations 
which produce distortion when a valve is being 
used as an amplifier. 

The undistorted A/F power output of a 
broadens t receiver is a matter of some importance, 
and one to which the manufacturer always 
draws attention. It may be easily measured by 
an “ output meter or estimated from the load 
line applying to the output stage of the set, 
providing that one is given the magnitude of the 
ANODE VOLTS. oscUldtory input between grid and filament. 

The mean power output may be determined from 
the peak values of the anode current and anode 
voltage swing. Thus, in Fig. 17 (6), the anode 
^ 17. current varies from P to Q, the anode volts 

similarly varying from point R to S. If the amplitude of the anode current is given by c/^and that 
of the anode volts is given by we have r/„ ~ PQ/2 and = RS/2. The power output is 
given by the product of the R.M.S. current and the R.M.S. volts, hence, 

J 

Power output = ^ X ^ 

— PQ X R5 . in watts, if c/, and are in amps, and volts 

~ 8 respectively {cf. N.47). 

When a valve is used as an A/F power amplifier, the load line is adjusted to give intercepts as 
•nearly equal as possible with equally spaced anode characteristics. The valve manufacturer 
usually specifies the optimum impedance to be used with any output valve (N.46). 
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28. Numerical Example oa the Load Line. —^The anode characteristics of a triode output 
valve are given by the following practical readings, and represented graphically by Fig. 18. 



The valve is used with an H.T. battery of 200 volts, a grid bias of — 14 volts, and a static load 
resistance of 4,500 ohms. Draw the load line and calculate the power output in milliwatts if the 
input signal has a peak voltage of 14 volts. 



When the anode current (I„) is zero, the volts on the anode (V^) will be 220 volts. When I„ 
is 10 mA., the voltage drop in the load resistance will be given by 10 X 4,500 X 10“" = 45 volts. 
In that condition we have = 220 — 45 volts == 175 volts. 

The above conditions determine the load line POQ which starts on the X-axis at 220 volts» 
and passes through the point S determined above. The load line intercepts the anode characteristic 
for = — 14 at the point 0 which is thus the “ working point.” 

The grid swings with an amplitude of 14 volts about the working point. This gives an anode 
voltage swing of 200 — 90 = 110 volts, and an anode current swing of 29 — 4-5 = 24• 5 milliamp,s 

^ . 110 X 24-5 

This gives_ power output= -g-= 337 milliwatts. 
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29. Grid Characteristics. —^The grid functions primarily as a controlling and not as a 
collecting electrode, yet, in certain cases, the flow of grid current is essential. 

When the grid potential is more than a fraction of a volt negative, electrons are not collected. 
The electron current begins in the vicinity of zero grid voltage, the actual point of commencement 
being dependent upon the nature of the materials constituting grid and filament. Owing to the 

phenomenon known as contact difference of 
potential, there is a P.D. between the surfaces of 
the grid and filament whenever those two are in 
contact and made of different materials; they are 
in metallic connection through the grid circuit. 
Thus, when the filament is tungsten and the grid is 
nickel or molybdenum, there is a trace of grid current 
even when the applied potential on the grid is slightly 
negative—Fig. 19. With a coated filament, how¬ 
ever, the grid current does not start until the grid 
potential is half a volt or so positive. The value 
of the current is very small—a few microamperes 
only—for low grid potentials, because of the com¬ 
paratively small dimensions of the grid wires. 

It is common practice to show the grid character¬ 
istics on the chart of mutual characteristics, in 
which case a magnified scale must be used for the 
grid current. 

As the grid voltage is made more and more 
positive the anode current increases, and when the 
voltage exceeds that on the anode the grid current 
may be very much in excess of the anode current. Fig. 20 (6) shows the curves of grid current for 
fixed anode voltages and varying grid volts. From these it is evident that the anode voltage has 
little effect on the grid current except at low values of anode volts. If the grid voltage is increased 
very considerably with respect to the anode volts, the graphs tend to curve downwards ; this 
phenomenon indicates the beginning of the secondary emission which leads to blocking in trans¬ 
mitters (K.l 1). It is not usual to draw grid characteristics beyond a few positive volts. 
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The grid characteristic is a very delicate indicator of the state of the vacuum inside the valve. 
If any ionisation occurs, the positive ions travel away from the anode towards the grid and filament. 
If the grid is at a negative potential with respect to the filament, it attracts these ions and collects 
their positive charges. The resulting current is in a direction opposite to that due to collection of 
electrons, and is therefore termed “ the reverse grid current.” The term “ backlash ” has 
also been used for this reverse current, but it is gradually being replaced by the former expression. 

Fig. 20 {a) shows the grid characteristic of a slightly soft valve. It is standard practice to 
specify the maximum value of the reverse grid current at a fixed value of anode current and/or 
corresponding anode voltage. Thus receiving valves, in general, are tested at —2 grid volts with 
100 volts on the anode, when the reverse grid current must not, for example, exceed 2 microamperes. 
In the case of a certain high-power transmitting valve, the corresponding limit is 50 microamperes 
at —20 grid volts, with I ampere of anode current at about 7,000 volts. 

The reverse grid current falls to zero as the anode current is reduced by an increased negative 
potential on the grid. This is shown in Fig. 20 (a) for a small receiving valve, where the current is 
reduced to zero by only a few negative volts. In the case of a large transmitting valve, a negative 
grid bias of several hundred volts may be required to suppress the current. 

30. The Triode Constants. — As has been explained in the earlier portions of this section, 
the outstanding property of the triode is the control of the anode current by small changes of grid 
voltage. This control is most fully expressed by means of the various characteristics. It is 
customary, and useful, to deduce certain particular pieces of information from those curves in 
order to express briefly the relationship between changes in the grid and anode voltages, and the 
anode current, under staled conditions. These valve constants are usually deduced from the 
straight portions of the mutual characteristics, but may be referred to other points also, 'fhe 
straight portions are very nearly parallel, and from their geometry the required valve constants 
may easily be obtained, although it is necessary to specify the conditions of anode and grid voltage 
at which the observations are made. For receiving valves these arc usually V„ = 100 volts and 
V, = 0. 

31. Mutual Conductance (gj.—The 
most important constant is that which describes 
the rate of change of anode current with 
change of grid voltage, the anode voltage re¬ 
maining constant. It is termed the “ mutual 
conductance,'' and the usual Service symbol is 
g^. It is the gradient or slope of the mutual 
characteristic at a particular point, and is 
usually expressed in milliamperes per volt; for 
this reason is sometimes briefly referred to 
as the “ slope of the valve.” 

Fig. 21 represents the middle portions of 
the mutual characteristics of a triode. The 
graph AB rises from 3 mA. to 5 mA. as the 
grid voltage changes from —2 volts to -\-2 
volts. The value of is therefore 0-5 mA. 
per volt. It is to be noted that changes in 
current and voltage are used in obtaining the 
constant, not the actual values of current and 
voltage. 

Although the mutual conductance repre¬ 
sents the control of the grid voltage over 
the anode current, for consistency it is mea¬ 
sured under the static condition of constant 
anode voltage. When ^here is an externa) 
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impedance in the anode circuitp the voltage drop across the impedance alters with changes in 
anode current, producing corresponding changes in the voltage between anode and filament. 
Consequently, a given change of grid voltage cannot produce in such a circuit the full change in 
anode current which is indicated by x V^, where denotes the change in grid volts. 

A large number of valves in receiving apparatus operate at, or near, zero grid voltage, 
and are designed to have characteristics showing straight portions at this value of grid potential. 
Tile mutual conductance of such valves is almost invariably measured at = 100 volts and 
Vg = 0. Many valves, however, are designed to operate at a mean negative grid voltage, often 
of high value. In such cases the straight portions of the mutual characteristics in use are often 
entirely to the left of the zero grid volt line; the mutual conductance is then usually referred to 
the mean grid bias and the maximum anode voltage employed with the valve. 

The point at which a mutual characteristic intersects the axis of grid volts is usually referred 
to as the “ cut-off point; it is the point at which the anode current is reduced to zero, and the 
negative grid bias which is required to achieve this condition is called the cut-off bias. 


32. Variable Mu Valves.—It is possible to modify the design of the triode so that the grid 
has less complete control over the flow of electrons between cathode and anode. If a gap is left 
in the grid winding, or if the cathode is allowed to protrude outside the ends of the grid coil, the 
mutual characteristic alters in form and acquires a long “ tail.'' High values of negative grid bias 
are then required in order entirely to suppress the anode current, and the general feature is that a 
sharp lower bend and cut-off point becomes replaced by a smooth curve having a gradual change of 
mutual conductance from high to low values. In many cases the cut-off bias in a valve used for 
receiving purposes may be from 20 to 40 volts negative. 

Valves with these characteristics are called “ variable mu valves " ; in this country the name 
is taken to refer to the smooth change which takes place in the mutual conductance as the bias 
point is gradually altered. It will be seen later that this smooth change can be used to good 
advantage in controlling the stage gain of an amplifier. Triodes may have variable mu character¬ 
istics, but they are usually only used with tetrodes or pentodes. 

Typical variable mu characteristics are shown in Fig. 28 of Section “ N." In one commercial 
screen grid R/F amplifying valve, the value of g^is quoted as varying from 2-5 to 0*03 mA. per 
volt, under certain stated conditions. 

33. A.C. Resistance or Impedance (rj.—The anode current may be changed by changing 
the anode voltage, while keeping the grid voltage constant. In the early days of the use of triodes 
the ** anode conductance ” was therefore deduced by observations on change in anode current 
at zero grid volts. But it is more convenient to use the reciprocal of this when considering the 
behaviour of the valve and its associated circuits, for it is usually a change of anode current which 
causes a change of anode voltage, and not the reverse. The term Impedance " has been widely 
used for many years for this constant. However, many authorities have pointed out that the term 
impedance includes the effects of inductance and capacity, and is dependent on frequency, while 
the constant of the valve to which the term has been applied excludes inductance and capacity, 
and is always determined from steady current readings, so that it does not depend on frequency. 
Several terms, including the word “ resistance," have been proposed, and it appears that “ A.C. 
Resistance " (anode characteristic resistance) is likely to meet with the most general agreement. 
The 53mibol is r^. 

Referring again to Fig. 21, the anode current at zero grid volts rises from 3 mA. at 80 anode 
volts to 5 mA. at 120 anode volts. The A.C. resistance or impedance at 100 volts is therefore 40 
volts/2 mA. = 20,000 ohms. 

The A.C. resistance may be defined as the reciprocal of the rate of change of anode current 
with anode voltage, when the grid voltage is kept constant. Again, changes of anode voltage and 
current are referred to, not the actual values. 
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34, Amplification Factor (m or sometimes (Ji).—change in anode current brought about 
by a change in grid voltage is much greater than the change in anode current brought about by the 
same change in anode voltage. The ratio of the two is called the '' amplification factor/' the usual 
Service symbol being m. 

The practical derivation of this constant may be simply illustrated b)^ means of Fig. 21, Suppose 
the conditions are defined by the point F on the 100 volt characteristic. Let the grid voltage be 
changed to —2 volts while the anode voltage remains steady. The anode current falls to the 
point A. Now raise the anode voltage, keeping the grid potential at —2 volts, until the current 
attains the value it had under the first conditions. Let G be the point representing this final 
condition. It is seen from the characteristics that a change of 20 anode volts is required to counter¬ 
balance the effect of a change of two volts on the grid. In other words, the grid control is 10 times 
as effective as the anode control, or the amplification factor is 10. 

The amplification factor is the ratio of two similar units and is therefore a pure number, for 
which no units can be specified. 

35. Relation between and m.—From the abovi' discussion, the simple relationship 

between the three constants now becomes apparent. By definition, the amplification factor is the 
ratio between the mutual conductance g^, and the anode conductance. Now the anode conductance 
IS the reciprocal of the A.C. resistance hence m = g^ X This result may also be deduced 
geometrically from Fig. 21. 

The mutual characteristics of a simple triode become slightly steej^er with increasing anode 
voltage ; in other words, the mutual conductance increases. In that case it follows that character¬ 
istics representing equal increments of anode voltage cut the zero grid volts ordinate in increasing 
lengths of sections, the anode conductance increases, or the A.C. resistance decreases, with 
increasing anode voltage. When the mutual characteristics are close together, the A.C. resistance 
will be high. 

Hence, the product of g^ and tends to remain constant over a wide range of anode voltagCf 
but falls slightly at very low values, particularly when the grid is highly negative at the same time. 
Over a large portion of the characteristics the variation of amplification factor is not greater than 
about 10 per cent. 


36. Valve Constants and Electrode Design. —Valve constants are determined by the 
geometry of the electi odes, and fairly accurate design formulae have been developed by various 
authorities. The calculations are beyond the scope of this work, but the general principles may be 
appreciated. 

The amplification factor is high if the mesh of the grid is close (I'.e., the wires close together), 
and the distance from the filament (or cathode) to the anode is great compared with the distance 
to the grid. The mutual conductance increases with the value of m, but is nearly inversely pro¬ 
portional to the distance between the emitting surface and the grid. The A.C. resistance increases 
with increasing values of w, and also increases with increasing distance between the emitting surface 
and grid. The greater the proportion of anode surface actually collecting electrons, the greater 
IS the mutual conductance and the smaller the A.C. resistance (paragraph 22). 

Valves are designed to fulfil particular functions in wireless apparatus, and the constants may 
be used to dcteirnine their most suitable functions. Thus a valve with high values of and 
could be employed as an anode bend detector, or an R/F amplifier. Similarly, a low impedan® 
valve with a good value of mutual conductance is desirable in the last or output stage of d 
I eceiver. 
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The following table shows the ranges of values of the constants of typical triodes :— 


(i) Filament Valves. 


Purpose. 

A.C. 

Resistance 

(Ohms.) 

Amplification 

Factor. 

Mutual 
Conductance 
(mA. per volt.) 

R /F and Detector 

A /F stage 

Output valve 

20,000 to 50,000 
4,000 to 12.000 
1,000 to 4,000 

15 to 50 

10 to 30 

2 to 10 

0-7 to 1-5 

0-9 to 1-8 

2-0 to 4 0 

(ii) Indirectly Heated (A.C.) Valves. 

Purpose. 

A.C. 

Resistance 

(Ohms.) 

Amplification 

Factor. 

Mutual 
Conductance 
(mA. per volt.) 

U/F and Detector 

Output valve 

a, 000 to 20.000 
1,000 to 5,000 

15 to 85 

5 to 15 

3 0 to 6-5 

2-5 to 9 0 


In earlier days in the SeiTice, a multiplicity of valves was avoided in order to simplify storage 
conditions, and certain old sets are still in use in which so-called “ general purpose valves'' are to 
be found. It has not been possible to retain this simplicity, and more than 20 different receiving 
valves and nearly 50 different types of transmitting valves are now in use in the Service. 

It should be noted that, with mass-produced valves, there are often considerable differences 
in the constants of valves of the same type. With the most careful precautions in manufacture 
the spread in characteristics from valve to valve may amount to ± 20 per cent, for certain constants, 
and iL 40 per cent, for others, such as g^. 

37. Total Change in I„ due to Simultaneous Changes in and V„.—The steady value 
of the anode current I„ is determined by the steady values of grid voltage and anode voltage V^,. 
Suppose now that the grid voltage is changed by an amount Vg. If tlie anode voltage were kept 
constant, the corresponding change in anode current, would be given by 

^'o SmVg 

provided the change were confined to the straight part of the appropriate mutual characteristic. 

It has been seen, however, that unless special arrangements are made to keep it constant, the 
anode voltage will be affected by the change in grid voltage, owing to the different current flowing 
in the external circuit. This change in anode voltage in turn affects the nett change in anode 
cunent. Suppose that the anode voltage, either from the above reason or by a designed Eilteratioii 
iu the H.T. supply, changes by an amount Vg. The change in I„ from this cause is connected with 
the change in by the relation. 



The total change in 1^ due to simultaneous changes in and is therefore given by the 
sum of these two effects, 

I 

*a=gmV, +-■ 

' n 

To prevent mismiderstanding it may be added that v. would be negative if due to an impedance 
in the external circuit. In the relation as given, the changes Vg and v. are all supposed to be 
positive, or increases in the steady values 
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^38. The Characteristic Surface.— >The relationship between the static values of grid voltage, anode 
current and anode voltage may be conveniently illustrated by the wire model shown in Fig. 22. 

The model is in three dimensions, the (rectangular) axes being V^, and 1*. The origin oC these is not at 
the point A, where three straight wires meet, but at the point O in one of the opposite sides. If we place the model 
as shown in Fig. 22 (a) these axes are viewed as shown in Fig. 22 (t), in which the positive directions only are 
indicated. 






- mutual, characteristics 

. anode characteristics, 

-Vj, CHARACTERISTICS . 

THE CHARACTERISTIC SURFACE OF A TRiODE, 

(a) Fig. 22. (?>) 


(1) Looking along direction OV® (Fig. 22) we see in outline tlie Vg—Ta family of curves, i.e., the mutual 
r haracteristics, for different constant values of (Fig. 23). For negative values of grid voltage these rise in 
nearly parallel lines to a nearly common level X, the saturation value ; but, when Vj becomes comparable with 
V«, the grid takes more and more current and the curve begins to fall (at Y) without attaining saturation. 



Fig. 2d« 
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Fig. 2S. 



Fig. 2fi 
ases in u 


The other ciirveB, such as Z, which have reached 
saturation will also commence to fall when Vg attains a 
value near the (constant) of the curve in question, 
for the sum of the anode and grid currents remains 
approximately constant as long as is constant, t.g,, 
along any one mutual characteristic. 

(2) Looking vertically downwards on the model 
(Fig. 22) we see the system of curves for 

various constant values of Ig, (Fig. 24). To maintain 
la constant, it is necessary to vary both Vo and Vg. 
As the negative grid bias is reduced it is necessary to 
reduce the value of V* to retain constant I*. \Vhen 
Vg becomes positive, however, and grid current com¬ 
mences to flow, Vo must increase again (as at A) to 
make up for the current taken by the grid. These 
curves are straight almost along their whole length, and 
so justify the generalised valve equation, 

I-=F (Vo+mVg), 

for along any One curve, Ig is constant, and so 
Va + »wVg is constant. This is the equation of a 
Straight line connecting the variables ¥« and Vg, the 
slope of the line being equal to m. These charac- 
tensticB have some useful applications in the case 
of transmitting valves. 

(3) Looking towards the origin along VgO we 
see the 1 ^—Wg characteristics, i.e., the anode 
characteristics for various constant values of Vg 
(Fig. 25). 

Here again saturation is attained along XX 
for all values of Vg and Vg. (Vg is decreasing as 
we move to the right, so that OZX represents a 
positive, and OYX a negative, value of Vg). 
There is a curious reversal effect at Z, which is the 
commencement of a crevasse that becomes deeper 
and wider as we move upwards out of the sketch. 
It is explained as follows. With large positive 
values of grid voltage, and zero anode voltage, 
there is a grid current flowing. The bombard¬ 
ment of the grid releases many secondary electrons, 
which form a dense space charge round the grid. 
The smallest Vg will draw away a large number of 
these from the outer part of the cloud owing to repul¬ 
sion from those inside ; and so 1^ rises rapidly just 
at the start. The effect of raising Vg i to draw 
more primary electrons to the anode, and this 
reduces the grid bombardment. On this account, 
the copious supply of secondary electrons falls off 
and, as these are much in excess of the primaries, 
la will tend to fall. The two effects—^increasing 
primary aUd decreasing secondary electrons to the 
anode-^are in opposition and, owing to their 
greater number, at first the latter effect prevails, 
causing a dip in Ig. Ultimately, of course, as the anode 
voltage increases, the increasing number of primary electrons 
reaching the anode more than compensates for the decreased 
Secondary emission from the grid, and goes to saturation 
along XX, having previously fallen to a minimum at M 
With grSater values df Vg, the effect is more marked and 
thft crevasse grows larger. For clearness this is illustrated 
in a separate diagram (Fig. 26), with only one of the 
" nortn^ " anode characteristics. The ancMle character¬ 
istics rise higher and higher as Vg increases, until the dip 
appears at P as described above. As Vg increases the 
dip becomes broader and deeper, forming a crevasse of 
Wbicb the base or col is PQ and the ridge PR. 
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39, Dynamic Characteristics. —It has been emphasised in the preceding paragraptis that 
the valve constants refer to static conditions and are indications of the suitability of valves for 
particular purposes, but that the results are modified when the valves arc used under various circuit 
conditions. The ordinary characteristics described above are therefore usually referred to as 
“ static characteristics/' in contia-distinction to those which may be drawn to represent the behaviour 
of a valve under particular circuit conditions and which have been termed D3mamic Charac¬ 
teristics.*' A useful example of d 5 mamic characteristics has been given in paragraph 27, where the 
use of a load line ** (representing external circuit conditions) on the anode characteristics was 
described. Another form, and the one generally intended to be understood by the term “ dynamic 
characteristic," is produced by drawing the load line on the mutual characteristics. Fig. 27 shows 
the circuit used, and a t 3 ^ical family of d 3 mamic characteristics. 

The discussion is similar to that employed in paragraph 27 for the anode characteristics. 
Suppose that the load in the anode circuit is R ohms. When the grid bias is sufficiently negative 
to prevent the flow of anode current, the potential of the anode is the same as that of the H.T. 
battery, which in Fig. 27 is 100 volts, and the conditions are represented on the family of mutual 
characteristics by the point A. Now if a current is allowed to flow in the anode circuit, by reducing 
the grid bias, there will be a voltage drop in R of I^R volts, so that the anode potential will be less 
than 100 volts by that amount. Suppose R is 40,000 ohms, and = 0-25 mA. The drop will be 
10 volts, and the new conditions will be lepresented by the point C on the 90 volt characteristic 
where 1^, = 0-25 mA. and V„ = — 8*5 volts. 

Now suppose that the grid bias is further reduced so that the anode current is still further 
increased to 0*5 mA. The voltage drop is now 20 volts (40,000 ohms X 0-5 mA.), and the new 
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conditions are represented by a point D on the 80 volt characteristic, with grid bias approximately 
— 6 volts. The line joining the succession of points A C D E is the dynamic characteristic corre¬ 
sponding to the external load of 40,000 ohms. It is nearly straight except for a small portion at 
the extreme end near A, and from near this region to the point F where it cuts the zero grid voltage 
ordinate, it represents the range in which distortionless working is possible ; equal alterations of 
grid voltage produce equal corresponding alterations of anode current. The figure also shows the 
d 3 mamic characteristics for external resistances of 20,000 and 80,000 ohms. 

It should be noted that the dynamic characteristic differs from the load line in that the former 
is only a straight line between certain points, provided that the mutual characteristics are parallel 
equally spaced straight lines over a portion of the graph. 

If the external impedance contains a reactive component, the dynamic characteristic becomes 
a loop. It must be clearly understood that the dynamic characteristics are primarily characteristics 
of the circuit, and not of the valve alone. This subject will be further discussed when dealing with 
the valve as amplifier and transmitter (Sections F " and “ K ”). 


40. Inter-Electrode Capacity.—^The electrodes of the valves are conductors in more or 
less close proximity to one another, and each pair acts as a capacity. The actual values of the 
inter-electrode capacities arc small, and are affected by the presence of electrons in the dielectric 
space ; the influence of the latter depends upon whether the valve is being operated in a static 
state with the filament lit, or as a component of an oscillating circuit. 

The effects of inter-electrode capacity are of considerable 
importance, and will be described in the appropriate sections of 
this Handbook; in this place, only the nature, extent, and 
variations of the property are being considered. 

Not only are the electrodes themselves responsible for the 
apparent inter-electrode capacities, but their supporting wires, 
and the leads to the external contacts, enter very largely into the 
problem. The method of assembling tlie electrode system on 
wires secured in a pinch, invariably used for receiving valves 
and described earlier in this chapter, is responsible for a con¬ 
siderable addition to the true inter-electrode capacity, and it is 
therefore avoided as far as possible in valves made expressly for 
operating on very high frequencies, such as “ acorn type ” 
valves. 

Ihe capacities between the three electrodes of a triode may be represented by the diagram of 
Fig. 28 . A, G and F represent the anode, grid and filament respectively, and C^,, represent 
the capacities between the three electrodes. It is obvious that when considering any one of these, 
the effect of the other two in series cannot be neglected. The capacities are usually measured by 
a bridge method using A.C. of (say) 500 or 1,000 cycles/second, with telephones as a balance indicator 
Three observations arc taken with the electrode terminals connected in pairs successively to 
eliminate one of the capacities. Thus with G and F connected together, the first observation 
(i) = 4 Ca/. With A and F connected together the next observation gives the “ input 

capacitance ” (ii) Cp„ T ; and with A and G Connected together, the last observation 

(iii) = Co/ Cgf. 

Hence (i) 4 (ii) — (iii) = 2C^o- 

(i) H- (iii) — (ii) = 2Co,. 

(ii) 4 - (in) — (i) = 2Cg,. 

The values obtained for the capacities of a small receiving valve, when measured in this manner, 
obviously include the capacities between the meUJ contacts of the socket in which the valve is 
placed for the test, and due allowance must be made for these. Similarly, the capacities of the 
flexible leads of transmitting valves must also bp taken into consideration. 


A 



ll_— 
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Fig. 28. 
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The approximate value3 of the inter-electrode capacities of certain types of valve are given in 
the following table :— 


— 

Cf.. 


c^. 

Small receiving valves 

HHF. 

2-0 to B-0 

HHl'. 

2-5 to 1-5 

2-5 to3-5 

Glass transmitting valves — 




150 watts . 

5 

8 

3 

450 watt9 

13 

5 

9 

Silica valves— 




2-5 k\V. . 

11 

9 

7 

4-OkW. . 

14 

11 

9 

15 0 kW. 

26 

20 

10 

Vcorn valves 

1-2 

0-9 

0-45 


Variations in inter-electrode capacity arc produced by changes in the space charge between 
the electrodes, or alterations in density of the moving electrons. 

In the grid-anode space, the electrons are moving more and more rapidly as they approach 
the anode, and, therefore, the electron density is decreasing towards that electrode. The total 
current flowing across this space is the sum of ihe electron current plus tlie “ capacity current 
between anode and grid. Moreover, this total current must have the same value at all planes 
parallel to the electrodes, since we know that current cannot accumulate at any point in space 
(Kirchhoff's Law). Now the electronic current at any point is proportional to the electronic density 
and velocity at that point ; since the density increases as the grid is approached, it is clear that the 
capacity current must decrease in order to maintain the total current constant. This reasoning 
implies that the stored electric energy must decrease towards the grid and, if it were summed up 
over the inter-electrode space, it would be less than if no moving electrons were present. Equating 
this reduced total tnergy to ^ V^, it is evident that a decrease in energy lor the same applied 

voltage must mean a decrease in effective capacity The grid-anode capacity will therefore 
decrease during each alternate half cycle when a pulse of anode current flows past the grid. 

An alternative argument leading to the above conclusion is provided by the inertia of the 
electrons. The movement of an electron lags slightly behind the cause which produces it. This 
‘‘ lagging current ” may be attributed to an inductance acting in scries with a resistance, the whole 
being in parallel with the anode-grid inter-electrode capacity. This equivalent inductance is very 
small, but its inductive reactance operates in anti-phase to the capacitive reactance of the inter- 
electrode capacity, and slightly reduces the value of the latter when a pulse of anode current flows 
past the grid. 

In the grid-filament space there is a second effect which comes into operation and overcomes 
the phenomenon described above, and gives an increase in this capacity when electron current 
flows, provided that the current is “ space charge limited.” This new effect is due to the fact that 
the hot filament shoots off electrons with appreciable velocity, and over a small space around the 
filament (or cathode) the electron density is so great that the voltage gradient is reversed, and piost 
of the electrons return to the filament. Tliis means, virtually, that the filament can be consiql&i'efl 
as having a diameter equal to the distance from the filament to the surface of zero voltage, or the 
place w’here the mean velocity of the electrons is a minimum. The grid-filament capacity is 
measured from the grid to this surface (which may be a plane), and is greater than if no electrons 
were present, since the “ plates of the condenser are closer together. This effective increase in 
diameter of the filament also increases the mutual conductance of the valve. 

Recent work has shown that the grid-filament capacity increases with anode current up to 
the point at which grid current flows. Moreover, the increase in is greater the higher the filament 
temperature^ but is not a simple function of any of the variables concerned. The decrease In 
IS much smaller proportionately than the increase in C„. the proportion being about J : 10- 

c 2 
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When the grid of a valve is biased negatively, oi during the negative half cycles if the valve is 
oscillating, the negative field at the filament, due to the high negative potential on the grid, prevents 
the electrons from being shot out to so great a distance as when the grid is more positive. The 

effective diameter of the filament is thus less than it would be if 



the grid were more positive, or during the positive half cycles in the 
case of an oscillating valve. 

It is clear that the grid-anode capacity will cause changes of 
potential on the anode to react on the grid. In other words, the 
grid-anode capacity acts as a direct capacitive coupling device 
between the output and input circuits. As the potential changes on 
the anode are primarily caused by potential changes on the grid, it 
follows that back coupling can cause instability if the circuit 
conditions allow it (Section ‘‘F"'). For example, if the potential 
changes fed back to the grid are in phase with the input variations, 
there will be regeneration, and the valve which is only required to 
amplify oscillations, will produce oscillations instead. This is most 
marked in valves of high amplification. Back coupling also throws 
a load on the input circuit, and is responsible for small power losses, 
essentially of the same nature as those produced by grid current 
(Section “ F "). 

The instability of an R/F amplifying valve has long been a 
well-known phenomenon, and several methods have been used to 
counter it. In all cases, these have aimed at either neutralising the 
effect of the grid-anode capacity, or reducing the capacity to the 
smallest possible amount. The various methods of neutralising are 
discussed in Sections “ F and K ; subsequent paragraphs in 
this section describe the means which have been adopted to 
minimise this capacity by special valve construction (screen grid 
valves and R/F pentodes). 
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41. The Screen-Grid Valve.—^This valve was originally intro¬ 
duced to overcome ill effects due to anode-grid capacity in R/F 
amplifying stages. It has two grids between filament and the 
anode ; the grid near the filament performs the same function as the 
grid of a triode and is therefore frequently referred to as the 
“ control grid,’* while the second grid acts as an electrostatic 
screen between the control grid and the anode and is therefore 
termed the “ screen-grid,” or simply the “screen." 

The construction of a screen-grid valve is shown in Fig. 29 {a) 
and (6). Inside the bulb is a flattened cylindrical anode connected 
to a terminal cap on the top of the bulb. It is supported by a short 
glass rod on the flange or skirt of metal which is attached to, and 
electrically forms part of, the screen-grid, which can be seen as a 
close mesh inside the anode. The control grid and cathode are 
completely enclosed within this screen-grid assembly. 

The magnesium getter, invariably used in the manufacture of 
small valves, is placed on the anode and consequently deposits only 
on the glass above the flange of the screen. Sometimes a light wire 
welded on the screen presses on the interior of the bulb so as to put the 
magnesium film in contact with the screen, and to make the screening 
of the whole more effective. For clearness, the wire and magnesium 
getter are not shown in the figure. The reason for the interposition 
of the screen will be fully understood after the section dealing with 
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the valve as an amplifier has been read, but it may be stated here that it is a device to reduce 
the grid-anode capacity to the lowest possible value. 

The screen is kept at a high potential approaching that of the anode. Its functions giay be 
best understood by considering the lines of force between the electrodes. If the screen were a 
sheet of metal instead of a mesh or grid, it is clear that all lines of force from the control grid and 
filament would end on the screen, and there would be no capacity between the control grid 
and the anode. It may be considered that with the screen an open mesh and nearly at the same 
potential as the anode, practically all the lines of force from the grid and filament end on the 
screen. When the potential of the screen is below that of the anode there is a field between them, 
and a few lines also join the grid and anode, i.e., there is a slight re.sidual grid-anode capacity. 
Although the majority of the lines of force from the grid end on the screen, the large majority 
of the electrons travelling towards the screen, from the vicinity of the grid, are projected by their 
momentum through the spaces of the mesh, and so come under the screen-anode field and are 
collected by the anode. Thus the screen grid valve ran function in the same manner as a 
triode, though its characteristics are peculiar to itself. In commercial types of screen grid valves 
the residual grid-anode capacity is from 0-001 h-H-F- 1° 0-02 |x[iF., while the corresponding value 
for triodes is about 2 to 8 fifi-F. ; the screening effect of the fourth electrode is therefore very 
pronounced. 

In order to have the screening as complete as possible it is also necessary to separate the 
grid and anode circuits external to the valve by a similar electrostatic screening device. For this 
jmrposei it was foimerly the practice to insert the valve in a hole in an earthed metal screen, 
supported in the same plane as the internal screen electrode (c/. F.34, Fig. 25). With the 
introduction of metallised valves, the separation of anode and grid circuits has become somewhat 
easier, and it is now usually the custom only to have a small metal cup to shield the anode, if it 
is at the top of the valve. 

It will be clear from the above discussion that slight changes in anode voltage have practically 
no effect on the fiM between the grid and the screen, which is responsible for driving the anode 
current across this region. In other words, the impedance or A.C. resistance of the valve is very 
high. The grid control, however, is obviously practically the same as if the screen and anode 
together formed a collecting electrode as in a triode ; i.e., the mutual conductance is of the same 
order as for a triode. Hence, from the relationship between the valve constants (paragraph 35), 
the amplification factor is high. The following table of practical values may be compared with 
that given for triodes in paragraph 36 ; as in the case of triodes, the valves with indirectly heated 
cathodes have the highest amplification factors. 


Con.stants of Screen Grid Valves. 


A.C. Resistance 

Amplification 

Mutual Conductance 

Grid-anode Capacity 

(Ohms.) 

Factor. 

(mA. per volt.) 


200.000 to 1,000,000 

100 to 1,500 

0-5 to 3-5 

0 001 to 0 02 


(H.T. voltage, 120 to 150 volts ; screen voltage, 70 to 90 volts.) 


In order to take the fullest advantage of the high amplification factor of the screen grid valve, 
it is essential that the anode circuit should also have a very high impedance. This will be clear from 
a consideration of the discussion on the load line in paragraph 27. Unless the anode circuit 
impedance is very high, the changes in anode current brought about by changes of grid voltage 
will not produce the desired changes in anode potential. 

The mutual characteristics of the screen grid valve (Fig. 30) are similar in shape to those of 
the triode, but the curves for different values of anode voltage are closer together, indicating the 
high A.C. resistance. Obviously, the only valuable curves are those for anode voltages higher 

than the screen voltage. / 

c j/ 
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MUTUAL CHAAACTEftlBTICS OP A 
SCREEN QRID VALVE. 


SCREEN Volts - 80, 

Fig. 30. 



AHOOE characteristics OF A 
SCREEN QRIO VALVE. 

FfG. 31 


The anode characteristics (Fig. 31) 
are very different from those of the 
triode ; as the anode voltage is raised 
from zero, keeping the screen at the 
rated value for the valve, the anode 
current rises until in the vicinity of 
12-20 volts it attains a maximum 
value and then falls. This fall is 
explained by the emission of secondary 
electrons from the anode, due to the 
impact of the primary electrons. The 
secondary electrons travel to the screen, 
which is at a higher potential than the 
anode. The number of secondary elec¬ 
trons emitted by the anode depends on 
the number of primary electrons and on 
the voltage through which they have 
fallen on reaching the anode {i.e., on 
their velocity). If the screen voltage is 
made high enough, it is actually possible 
to produce a current of secondary 
electrons from the anode larger than 
the primary current, t.e., the curve 
falls below the anode voltage base. 
With ordinary adjustments, the anode 
current falls as the anode voltage is 
raised until the latter approaches the 
screen voltage. Then the reverse con¬ 
dition occurs. The primary electrons 
impinging on the screen produce 
secondary electrons which travel to 
the anode, while those emitted from the 
anode return to it and are not detected. 

Fig. 32 shows the variations of 
screen and anode current with anode 
voltage, the screen voltage being fixed 
at 80 volts, and it also shows the rising 
total current, which is the actual value 
of the current passing through the 
control grid plus secondary emission 
currents. When the valve is in use as 
a radio frequency amplifier, it is obvious 
that to avoid effects due to secondary 
emission from the anode, the adjust¬ 
ment of potentials must be made so as 
to produce conditions corresponding to 
the nearly horizontal portions of the 
anode characteristics, when the 
anode voltage is higher than the screen 
voltage. The best adjustment is when 
the screen voltage is about two-thirds 
of the anode voltage. It may be 
obtained either by a tapping on the 
H.T. battery, or by inserting an 
priate resistance of some 50,000 ohms 
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ANODE AND SCREEN CURRENTS PLOTTED AQAIN5T ANODE VOLTS. 
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or so between the screen and H T positive. The value of the resistance depends on the 
screen current, which is about 0-5 wA in the majority of screen ^rid valves operating with 120-150 
volts on the anode. 

Screen grid valves came into general use after HuU's work in 1926, but the initial idea was due 
to Siemens and Halske in 19^16. 

42. The Pentode. Output end R/F Pentodes.—five-electrode valve, the pentode, is 
to be regarded as an improvement on the screen grid vahm for specific purposes. It was originally 
introduced for the last or power output stage of receiving circuits, but has since become widely 
trsed in K/F amplifying stages, and to a smaller extent for detection. Moreover, transmitting 
pentodes are becoming increasingly popular ; the small value of the inter-electrode capacity often 
makes it possible to eliminate neutransing condensers and to simplify the design. 

The valve has three grids between the cathode (or filament) and the anode. Numbering from 
the filament, the first grid is the usual control grid, the second is termed the auxiliary or priming 
grid and is externally connected to a source of high potential, the third is called the suppressor 
grid« and in A/F power valves is earthed by internal connection to the filament or cathode, but is 
taken to a separate terminal or base pin in the case of R/F pentodes. The lead from the auxiliary 
grid is connected either to a screw terminal on the Bide of the base, or to a pin situated in the base. 

The function of the earthed grid in output valves it to suppress the emission of secondary 
electrons, either by the anode or the auxiliary grid. This function is clearly understood when it is 
realised that secondary emission is only importari Trtien it can be collected an adjacent electrode 
a hi g h e r potential than tha em i tter . 
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GRID VOLTS 

MUTUAL characteristics OF PENTODE- 



Anode characteristics of pentode 

Fig. 34 . 


By the suppiession of secondaiy emission one is able to eliminate the disadvantages associated 
with the “negative icsistance kink" always found in the anode characteristics of a screen grid 
valve. It may be noted here that the dynatron oscillator makes use of the negative resistance 
feature (the anode current decreases as the anode volts increase) referred to above. Moreover, the 
form of the pentode characteristics makes it suitable for use as an output valve. 

When the pentode is designed for R/F amplification, the second grid (H.T. or priming grid) 
is constructed as a complete electrostatic shield, as in the case of the screen grid valve. When, 
however, the valve is designed as an A/F power output valve, this elaborate form of electrode 
construction is not necessary, and a grid of simpler and cheaper construction is used. 

Figs. 33 and 34 show the characteristics of a typical commercial pentode ; the anode curves 
of Fig. 34 arc seen to be similar to those of the tetrode (Fig. 31), but without the secondary emission 
kink. The constants of commercial types of pentodes are of the following order. 


Constants of Pentodes. 


A.C. Resistance 

Amplification 

Mutual Conductance. 

(Ohms.) 

Factor, 

(mA per volt.) 

30,000 to 100,000 

50 to 100 

13 to4 0 
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43. Frequency Changer Valves. Hexodes, Heptodes and Octodes, etc. —^When the 
pentode was first designed, the suppressor grid was operated at earth potential, permanent con¬ 
nection to the filament usually being made within the valve. The advent of suppressor grid 
modulation (N.24) showed that variations in potential of the suppressor grid produce corresponding 
alterations of output power following almost a straight line law. As the potential of the suppressor 
p^id is made more negative, the anode current is reduced, and, at the same time, the anode impedance 
is reduced. If the suppressor giid has a very open mesh, this control of the anode current (modu¬ 
lation) is relativel}^ weak ; if the suppressor grid were of closer mesh the control would be stronger, 
a basic idea accounting for the development of hexodes, heptodes, and oclodes, which were designed 
for the control of the anode current by two separate grids. 

The rapid growth in popularity of the superheterodyne type of receiver since 1917, led to an 
insistent demand for a simple “ frequency changer,” to change all incoming R/F signals to a 
common intermediate frequency for the purposes of amplification. Since 1929, single valve frequency 
changers have developed considerably, and now appear giadually to be replacing the two valves 
always previously required for this purpose. Their circuits and principles of action differ 
considerably, but all aim at ** frequency multiplication ” (N.23) ; this involves the generation 
of several frequencies in the anode circuit of a valve, among which are the sum and difference 
of the oscillator and signal frequencies respectivclv The difference frequency is selected by the 
tuned secondary circuit of a transformer coupling, and constitutes the Intermediate frequency 
which is passed on for subsequent amplification. 


HEXODES.—One form of hexode is a modified pentode, having an extra electrostatic screen 
between the suppressor grid and the anode. The signal voltage is applied to the inner grid and 
the oscillator voltage, obtained from a separate oscillator, is applied to the outer (suppressor) grid. 
The signal input is ‘‘ mixed " with the oscillator frequency by electron coupling, and the difference 
^iicquency (intermediate frequency) is selected by the anode ciicuit. 

A more usual form of hexode is a valve in which the first grid is the signal input grid. This 
Is followed by an electrostatic screen at positive potential, the oscillator grid, the oscillator anode, 
and the output anode. Again, the signal input is mixed with the oscillator frequency. The 
.simple hexode never enjoyed great popularity, since it was never possible to ajiply A.V.C. to 
the signal input grid; the oscillaLor derives its electron supply from a “virtual cathode ” 
situated near the electrostatic screen, and if A.V.C. were applied to the signal grid the oscillator 
usually stopped oscillating. 


HEPTODES (Pentagrids).—The first form of heptode had the features of the modified pentode 
described above, but had a suppressor grid between the extra screen and the anode. This form of 
^heptode is used with a separate oscillator valve to provide the modulating signal, and the arrange¬ 
ment of the electrodes is shown below in the schedule for Type [a) heptodes. The valve may be 
assumed to have concentric cylindrical construction, and the electrodes are numbered from within, 
starting with the cathode. It may be noted that this type of heptode still exemplifies the basic 
principle of suppressor grid modulation. 

There is a newer and more commonly used type of heptode which incorporates the function 
of oscillator valve and modulator valve within a single valve envelope, an electron coupling 
being used to mix the two frequencies. In this case, the arrangement of the electrodes consists of 
five grids (pentagrid) inserted between the cathode and anode ; the order of these grids is shown 
below in the schedule for Type (6) heptodes. In this case, also, concentric cylindrical valve construc¬ 
tion may be assumed, the first two grids and cathode constituting the oscillator portion of the 
Valve ; the remainder of the valve constitutes a tetrode, the whole being virtually an electron 
coupled triode-tetrode combination. The tetrode is sometimes called the modulating portion 
of the valve, and the signal grid (5) is usually given variable mu characteristics. 

When the oscillator grid is negative the anode current is reduced, and when the oscillator 
grid is positive, the anode current increases. Every electron which reaches the modulator Las 
to pass through the oscillator portion of the valve. Clearly, if the grid of the latter is oscillating 
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the anode current will rise and at the frequency of the 9 Sci^a!tor,iIe 4 ^ency.Inttltiplicaiic|n.thus 
bein^ ai^ueved by electron cou^iqg. XhU m^ter jeferred to agf^in in |F,51^ a heptode circuit 
being given in !N.03—^Fig. 41. 


ARRANGEMENT OF ELECTRODES IN HEPTODE VALVES. 


7 A 
6 
5 
4 
3 
2 
1 


Type (a) 
—^Anode. 


—Suppressor grid, 
r—Second screen. 

-< —Oscillator grid (Separate oscillator). 
L—^First screen. 

—Signal grid. 

—Cathode. 


Type (p). 

—^Auode. 
r—Second screen. 

< —Signsilgrid (variable mu). 
L—First screen. 

—Oscillator anode. 

—Oscillator grid. 

—Cathode. 


OCTODES.—Two t 5 ^s ot octode have been developed to supersede the heptode. The 
BUppressor grid octode is a Typ)e (6) heptode, having a suppressor grid between the second 
screen and the anode. The whole, therefore, consists pf an electron coupled triode-pentode 
combination. 

The velogrld octode dispenses with the earthed suppressor grid, having instead a positive 
sixth grid termed the vclogrid which provides accelerator action. 

At first it appeared that the octode might become the most used “ mixer valve/’ but in 1935-36 
it was observed not to be entirely satisfactory, owing to a falling off in the conversion conductance 
(paragraph 44) towards the higher frequencies. Investigation arising out of this trouble led to the 
“ triode-hexode/* 


TRIODE-PENTODES.—This might be regarded as a multiple valve, since it consists of a 
triode oscillator and a pentode included, for convenience, within one valve envelope ; it is also, 
however, a frequency changer. Electron coupling is not employed, and mixing is achieved by 
insjerting the oscillator frequency into the signal frequency circuit by coupling external to the valve. 
The valve was developed in 1934, and represents the best features of simple additive mixer systems. 

TRIODE-HEXDDES.—This valve consists of a triode oscillator and a hexode, both contained 
within the same valve envelope. Ihe hexode portion of the valve is spaced to one side of the 
triode and, starting from the cathode, has electrodes in the order—input grid, screen grid, injector 
grid, second screen grid, and the output anode ; the injector grid is linked to the grid of the triode. 
It represents the peak of development in single valve frequency changers employing electron 
coupling. 

44. Conversiop Conductance (or Conversion TrajiBcondiucitnnce) gt-—^This is a new term 
which has arisen in connection with the use of frequency changer valves, the object of which is to 
receive a signal input at one frequency and to give a total anode current variation which contains a 
component varying at another frequency (the intermediate frequency). This constant may be 
measured in various ways not detailed here, and could be represented by the symbol g*; it is 
similar to mutual conductance g^, and may also be expressed in milliamps of current at intermediate 
frequency per volt of signal on the grid. It is a quantity which dex>ends upon the efiftciency of 
conversion, as well as on the amplifying properties of the valve. A knowledge of the conversion 
conductance makes it possible to compute the amplification produced by a heptode at the interme¬ 
diate frequency, in just the same way that g,, enables qne to estimate the V.A.F. of an SG tetrode 
amplifying stage. In Section “F” it is shown tliat the y.K.Y. of the latter is approximately 
given by g„,Z, where Z is the impedance of the external circuit at the frequency in question ; in a 
similai manner, the effective amplification of a frequency changing stage may be written as g<Z* 

In practice it is found that the value of & is approximately half that of g^, many modem 
frequency changers having a value of 0-5 mA/volt for g^. The above relation is only true if the 
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conversion conductance is measured with the oscillator grid at the most positive voltage to wliicli 
the oscillation carries it. Moreover, it is essential that the oscillator input should be adjusted to 
its optimiun value ; too high an input, or too low an input, reduces the gain of the valve. 

Sometimes values of g, are expressed in “ reciprocal ohms,” the above numerical value then 
being 500 micromhos. 


45. Multiple Valves. Miscellaneous Valves. —With reference to paragraph 2, it will 
be observed that all multi-electrode valves may be considered to be derived from simple types, 
and in this work they are classified into frequency changer valves, multiple valves, and valves 
used for miscellaneous purposes. 

Multiple valves are those which do not introduce any essenticdly new principles, and are merely 
combinations of simple valves assembled within one envelope. These include double-diodes, 
double-diode-triodes, double-diode-pentodes, double output valves (triodcs and pentodes), 
etc. The requirements of automatic volume control have been responsible for the development of 
some of these multi-purpose valves ; they have the advantage of saving a considerable amount of 
space. 
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Among valves used for miscellaneous purposes, one must include the magnetron, which is 
essentially a cylindrical diode with a split anode. It is described in detail in K. 60-65. 

Other miscellaneous valves include the thyratron, a soft triode having a little mercury vapour 
within it. 

More recently another type of valve has been developed by Zworykin, which depends for its 
action on the production of secondary electrons (secondary emission) ; these valves are usually 
known as ‘‘ electron multipliers/’ and, after further development, they may find some application 
as amplifiers. 

No treatment of thyratrons or electron multipliers is included in this work. 

46. Valve Symbols.—The symbols used throughout this book to represent the various types 
of thermionic valve, are shown in Fig. 35. 


THERMIONIC VALVES. 
EXAMINATION QUESTIONS. 


NUMERICAL EXAMPLES. 


1. The following readings were taken on a three electrode valve. Plot the characteristic grid 
voltage-anode current curves, and determine the A.C. resistance at zero grid volts, the 
amplification factor, and mutual conductance. 


Grid Voltage. 

0 -2 

-4 

-6 

- 8 -12 

-14 -16 

-18 

la in mA— 

(a) with 130 volts H.T. 

15 13 

11 

9 

7 3 

1-5 0*7 

0*2 

(b) with 100 volts H.T. 

10 8 

6 

4 

2 0-4 

01 — 


(Results : A.C. Res. 

-- 6000 ohms ; m 

= 6; 


ImA/Volt. 

C. & G. Grade 1 

1932). 

2. In a certain triode it was found that a current of 5 mA was obtained when the anode and grid 
potentials had the following values :— 


500 

310 139 

K6 

53 

35 10 



V“ 

' s 

-32 

-125 3-5 

9-5 

13-5 

Ui-5 20 




Plot the curve relating and for this anode current, and deduce the amplification 
factor of the valve. Discuss why this factor becomes smaller when the grid is very positive. 

(Result : 10.7. I.E.E. May, 1932.) 

J A three electrode thermionic valve has a total emission of 15 mA, an amplification factor of 
10, and an A.C. resistance of 30,000 ohms. It is further known that when the grid is 
joined to the negative end of the filament, the anode current with an anode voltage of 
100, is 7-5 mA. 

Draw a family of characteristic curves at anode voltages of 200, 150 and 100. 

(C. & G. Final, 1925.) 
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4. The relation between anode current and anode potential of a triode valve, in which the grid 
potential was zero, is given in the following table :— 


Anode potential in V 

so 100 150 200 

250 

:u)0 

350 

Anode current in mA 

1 

1-0 3-5 6-5 9-3 

lO'l 

10-2 

10-2 


The amplification factor of the valve was 7 0. 

Derive the characteristic relating anode current and grid potential for a constant anode 
potential of 150 V. 

(I.E'.E. November, 1932.) 

5. The following values of anode current were obtained with a triode :— 


Anode Voltage. 

25 

50 

75 

100 volts 

Ifl with Vj=0 

0-4 

2-8 

R 

b - 5 milliamj)s 

Ifl with —4-2 

0 

0-0 

30 

5'7 nulliamps 

Ifl with - 8-3 

0 

0 

10 

2-9 millianips 


Plot the la—Va characteristic curves. 

If a battery of 150 volts, and a resistance of 15,000 ohms are connected in series with the 
anode and cathode, what will be the I„ at the above three values of grid voltage ? 

(Result : 5-4 niA ; 4-3 mA ; 3* 1 mA. C. & G. Prelim., 1935.) 


6. A high-mu triode valve has the following characteristics :— 


Plate 

Plate current in milliamperes at following grid potentials. 

Voltage. 









-3-0 

-2-5 

-20 

-1 -5 

-1-0 

-0-5 

0 

60 

0 

0 

0 

0 

0-08 

0-4 

0-9 

80 

0 

0 

0 

O-Ol 

0-19 

0-59 

116 

100 

0 

0 

0 

0-06 

0-30 

0-79 

1-45 

120 

0 

0 

0 

0-12 

0-49 

1-02 

1-76 

140 

0 

0 

003 

0*24 

068 

1-28 

— 

160 

0 

0 

0-10 

0-40 

0-92 

1-52 

— 

IBO 

0 

0-03 

0-18 

0-58 

1*16 

— 

— 

200 

0 

0 08 

0-30 

0-80 

1-41 

— 

— 

220 

0-02 

O' 14 

0-48 

1-05 

— 

— 

— 

240 

0-05 

0-24 

0-68 

1*30 

— 




Plot the characteristics with the plate voltages as abscissae and the plate currents as ordinates 
for the given values of grid potentials. 

If an external resistance is inserted in the plate circuit, what will be,the plate cutraits 
with an H.T. battery of 250 volts and grid voltages of —2-0, —1 -5, —1 -0, —0-5 and 0, 
when the external resistance is (a) 100,000 ohms, (6) 500,000 ohms ? 

(Result: 0-4,015; 0-54,0-22; 0'9,0-3; M7.0-3B; 1-47,0*46. C.&G.L, 1937.) 
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1, Explain why the anode current of a thermionic valve may be limited by the filament current, 
and aliio by the presence of a space charge. How would you measure the amplification 
factor of both a small receiving valve and of a high-powered high-voltage transmitting 
valve ? 

(I.E.E. May. 1931.) 

8. Account foi the very high amplification factor which is obtained by the use of a screen grid 

valve. Why is secondary emission of importance in the action of this valve, and how does 
this limit the magnitude of the grid swings with which the valve can deal? Briefly 
explain how a pentode will overcome this restriction. 

(Qua). Wt. Tcis., 1936.) 

9. Sketch, diagrammatically, a heptode frequency changer. Explain its action fully. Sketch 

and describe its associated circuits, 

(Qual. Wt. Tels., 1935.) 

10. Sketch a typical series of Ij/Vj curves for an output pentode valve. Draw in a load line to 

represent “ optimum loading,” explaining the meaning of the term. 

(Qual. Wt. Tels., 1934.) 
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RECEPTION OF ELECTROMAGNETIC WAVES. 

]. The Raw Material of W/T Communication. —We have seen in Section “ A ” how radio- 
frequency currents, having the form of damped wave trains [Fig. 1 (a)], are generated in the aerial 
circuit of the traiismitting station by means of spark circuits. Use of damped wave trains is, 



(a) 


-AAA A_A 
\J \J 

(*) 

Fig. 1. 



however, obsolescent, and Fig. 1 (6) and (c) represents the wave forms known as continuous wave 
(C.W.) and interrupted continuous wave (I.C W ) respectively, both of which arc in common use. 
A more exact and international classification of wave forms is given in K.5I, but for simplicity, at 
this stage, it is sufficient to apprecialc that W/f communication may be at hieved by means of R/F 
cm rents having the wave forms shown in Fig. 1. 

These radio-frequency currents set up electromagnetic waves in the aether which spread out 
radially in all directions from the transmitting aerial, unless the latter has directional transmitting 
properties. The nature of the propagation process and the phenomena occurring in the medium 
thiough w^hich the E.M. wave passes are separately considered in Section “ P.'* It is sufficient 
here to state ihat K/F currents in an aerial radiate eneigy which is propagated through a medium 
and subsequently a^iives at a receiving aerial. 

When an E.M. wave encounters an aerial it induces in it alternating voltages and currents of 
very small magnitude, and of the same frequency as that of tlic wave itsell. The fundamental 
pioblem of reception consists in devising appaialus which will make these minute currents perceptible 
to the senses of sight or hearing. If the amplitude or frequency of the currents in the transmitting 
aerial can bo varied by means of a signalling key (W/'l), or by means of the voice (K/T), and these 
ellects can be reproduced at the leceiving end, coiumunication will be rendered passible. It will 
be shown that exact measurement of the cuirents in the receiving apparatus is not necessary, and 
that it is only necessary that starts and sto])pagcs and variations of the transmitter currents should 
give corresponding results in the device which affects the senses, the telephone for aural reception 
and the undulator (F.62) for automatic high speed visual reception. In this section we arc only 
concerned with aural reception. 

2. The EsBentials of a Receiver.—In order to effect reception of a signal, the receiver must 
have two essential qualities :— 

[a It must have the requisite “ selectivity,” the quality enabling it to select the desired 
signal to the exclusion of interference from undesired signals. 

(6) The requisite amplification must be provided in order that the signal may be comfort¬ 
ably audible—“ audibility.” 

Any receiver may be considered, broadly, to consist of tuning and amplifying circuitSi the 
object of which is to select and amplify the desired signals, followed by a ” detector ” wjiich 
turns the H/F currents into the most suitable form for energising the device which will rend^ 
the signal perceptible to the sense of hearing; this is usu^y a pair of telephones or louclh 
speaker. 
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3. Necessity for a Detector ; A/F and R/F Components.—E.M. waves may be produced 
by K/F currents having frequencies ranging from (say) 16 kc/s. to (say) 10* kc/s. Fig. 2 (a) represents 
a simple circuit by which incoming E.M. waves may be made to produce oscillatory currents of 



M (c) 


Fig. 2. 

the same wave form in the tuned LC circuit; the incoming signal produces a current in the aerial 
which injects an E.M.F. into the tuned circuit across the mutual inductive link. The oscillatoiy 
current in the tuned circuit would produce an oscillatory voltage across the condenser C, the wave 
form of which might resemble that of Fig. 2 (6). If telephones were connected between terminals 
A and B, no sound would be heard for the following reasons :— 

[a) The diaphragm of a telephone earpiece cannot vibrate at fiequciicies much beyond 
the audible range, and at radio-frequencies the diaphragm remains unmoved, 
indicating that the mean value of the R/F current is zero over any appreciable 
time in excess of the period of the R/F cycle ; any two consecutive half cycles 
of K/F current are appi oximately equal, and cancel each other out so far as the 
telephone diaphragm is concerned. 

Even if the diaphragm could vibrate at radio-frequencies, the ear could not detect 
the result since it is above the A/F range. 

(c) The high inductance of the telephones would present such a large impedance to the 
K/F current that its value would be too much reduced. 

In Fig. 2 (ft) the amplitude of the H/F current is shown to be varying, alternately increasing 
and decreasing. In this case it will be assumed that these variations in amplitude succeed 
each other at a modulating frequency, which is audible, i.e., between 16 and 20,000 cycles 
per second. For the reasons given above, no sound can be produced in telephones from this 
iyfnmctrical wave form, principally because its mean value to the insensitive telephone diaphragm, 
ind to the human ear, is zero. To produce an audible result something must be done to render the 
vave form asynivietrical, an effect which can be achieved by cutting off either the upper or lower 
lalf of the wave form. Assuming that some device exists by means of which this may be done, the 
effect of wiping out most of the negative half cycles is the production of a wave form resembling 
'^ig. 2 (c). In that case successive half cycles of R/F current do not cancel each other, and the mean 
/alue of the detected H/F curreni rises and falls at an audio-frequency corresponding 
vith the rate of variation in amplitude of the R/F signal. In the figure, a full line curve 
hows the A/F component of the total current, and if this were passed through telephones, vibration 
if the diaphragm would take place and an audible result would be achieved. The basic function 
»f a detector is to produce an asymmetrical variation of applied voltage. 
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In Fig. 2 (c) it will be noted that the H/F current is varying at the same frequency as that 
of the incoming waves ; but, in addition, there is a superimposed audio-frequency change of current. 
Before detection, the wave is entirely at radio-frequency, but after detection an audio-frequency 
component is present and may be separated by means of suitable circuits. 

The idea of the resolution of an asymmetrical wave form into a symmetrical wave form, the 
R/F component, superimposed on a varying mean value, the A/F component, is of great 

importance in wireless work : Fig. 3 (a), (&) and 
(c) illustrates this point. The operation of 
detection may be considered as made up of 
two parts, the production of an asynunetrical 
current variation from the input symmetrical 
voltage wave form, and the analysis by a 
suitable circuit of this current into its com¬ 
ponents, ot which only the A/F component is 
necessary for the production of sound in tele¬ 
phones. In general, there is also a direct 
current component resulting from the detec¬ 
tion process. (Paragraph 12). 





A/F componcnt 


4. Production of Audible Sounds 
Modulation. —^From the foregoing work it 
would appear that an audible sound may be 
produced after detection, provided that the 
(modulating) frequency with which the E.M. 
wave passes through its cycle of amplitude 
variation lies within the audible range. The 
human ear can distinguish sounds caused by vibra¬ 
tions between the limits of 16 and 20,000 cycles 
per second, but much prefers frequencies between 
800 and 3,000. Most people of normal hearing 
can hear a bat squeak, but some elderly people 
cannot; the average upper limit is about 
16,000 cycles per second, which gives a very high pitched squeak. For comparison it may be noted 
that the middle C on a piano has a pitch of about 250 cycles per second. 

Most telephone receivers will also respond to frequencies up to 5,000 cycles, but give best 
response at frequencies in the neighbourhood of BOO-1,000 cycles. 

Summarising, in order to produce an audible sound it is necessary :— 


Fig. 3. 


(a) To modulate the wireless R/F “ carrier ” wave, i.e., to break it up into a series 
of groups or pulses which follow one another at audio-frequency. 

(2*) To detect the modulated pulses, the effect of which is to convert each group of 
R/F weaves to one variation of current through the telephone windings, and hence 
to produce one movement of the diaphragm as the cumulative effect of the many 
constituent R/F waves in the pulse. 

In the spark system, the wave is modulated at the transmitter, because oscillations only 
t»ccur each time the spark gap breaks down ; the process is represented in Fig. 4, and an audible 
s>ound results in telephones because the spark train frequency is within the auchble range. 

In the I.C.W. system, the wave is modulated at the transmitter by a process which is further 
discussed in K.52, the wave form resembling Fig. 1 (c) or Fig. 2 (6). Where the modulation is 
isinoidal, a pure note may be obtained in telephones, provided that the modulation frequency lies 
'^ithin the audible range; it should, however, be noted that supersonic modulation has certain 
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uses. For example, using a “ quench receiver " (F.56) an audible note may be obtained from S/F 
modulation ; moreover, for high speed reception (F.62) giving a visual record, supersonic modulation 
is as good as modulation lying within the audible range. 

Expressed somewhat differently, it may be noted that the result of detection is the extraction 
of a note corresponding to the frequency of variation in aiiaplitude of the ampUt(ude envelope of the 
I.C.W. wave form. The modulating process at the trans^nitter puts an audio-frequency (or ST) 
imprint on a radio-frequency carrier wave ; the E.M. wave travels to the receiver, and the process 
of detection extracts the A/F imprint, or the S/F one, corresponding to the shape of the amplitude 
envelope. Essentially, this is also the basis of radio-telephony (R/T) ; the modulation of the- 
I.C.W. wave form may either be sinoidal, i.e., simple in form, or very complex, corresponding to the 
many different simple sounds composing speech, noise, or music. In this connection it should be 
noted that the mean (anode) current varies with the amplitude of the incoming signals, but unless 
this variation is linear, distortion of the modulating signal mll^t result. For distortionless 
reception of R/T, linear detection is essential, but for W/T signals, distortion of the note is 
not a matter of serious consequence, and usually the mean (anode) current varies with the square 
of the amplitude of the incoming signal {cf. paragraph 16). 

In the case of continuous waves (the C.W. system), the waves travel from the transmitter 
devoid of any A/F or S/F imprint. Detection of such waves only results in the production of a 
click in the telcphonc.s, indicating a sudden alteration in mean value of the telephone current. It 
will be shown, later, that in order to produce an audible result it is necessary to modulate (hetero¬ 
dyne) the incoming C.W. waves at the receiver. 

5. Rectification ; Demodulation.—The process of turning a symmetrical wave form into an 
as 3 nTimetrical one, often done by suppressing one half of it, is given the general name rectification. It 
is, however, fairly common practice to restrict the use of the term rectification to the production of 
D.C. from A.C. for power supply purposes, using the term detection when the object is the extraction 
of the modulation from an incoming radio signal. Sometimes the word demodulation is used 
instead of detection. 

The essential characteristic of a detector is that it should have uni-directional or one-sided^ 
conductivity, so that equal amplitudes of voltage applied to it in opposite directions should result 
in unequal currents passing through the detector. In other words, the resistance of a detector 
does not conform to Ohm's law ; the detector presents a lower resistance to currents in one direction 
than in the other. 

An incoming modulated R/F signal applies voltage variations to a detector and produces for 
each complete cycle of voltage variation an excess of current in one definite direction. The nett 
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result is that after one whole series of R/F oscillations the telephone diaphragms moves out of 
position once only; if these series succeed each other at a suitable frequency, as in Fig. 2 (c) or 
Fig. 4, an audible note will be produced 

With reference to paragraph 3, it is usually necessary to effect a separation of the A/F and 
R/F components, and the circuit must always have some impedance across which the A/F current 
may develop a P.D., either for application to an amplifier or directly to actuate telephones. 

6. Series and Parallel Connected Detectors — CR Values. —Fig. 5 represents two general 
ways in which a detector may be connected in order to give an A/F output in a load impedance. 
The bench mark '' symbol may be used to represent any rectifier, and the arrow head indicates 
that direction of an applied voltage for which it is conducting, and hence also indicates the direction 
of conventional current through it {of. H.2, 10). 

In Fig. 5 [a) the condenser C presents a low impedance to the applied R/F signals, and to the 
R/F component resulting after detection. The resistance R constitutes the output impedance 
for the A/F component, which, in simple cases, may con.si^t of a pair of telephones. In that ca.se 
it not always necessary that there should be a separate condenser, the self-capacity of the telephone 
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•Vf 
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windings sometimes sufficing to effect the separation of the R/F and A/F components, and to prevent 
the building up of R/F potentials across the telephone windings. Wlien C is present, its reactance 
at the frequency of the R/F component must be small compared both with the load resistance R 
and the rectifier resistance. 

In Fig. 5 (&) the load resistance is connected across the detector, and in this case it is essential 
to use a blocking condenser C in the position shown ; if it were not there the A/F component could 
not build up the requisite P.D. across R, since the latter would be short-circuited by the input 
circuit. 

Both circuits virtually effect a separation of the R/F and A/F components, the condenser in 
each case providing an easy “ by-pass ” path for the R/F one ; it provides a path of higher impedance 
for the A/F one which accordingly chooses the only other path, namely that through R. From another 
point of view, the effect of the condenser is that it receives unequal positive and negative charges 
during successive half cycles, and therefore accumulates a resultant charge which sets up a P.D. 
across the condenser and forces pulses of uni-directional current through the load resistance R, or 
telephones. In the case of a modulated wave of simple I.C.W. form, these pulses of current will 
follow each other at the modulating frequency. This point of view is useful, since it brings out the 
idea that the condenser must be able to discharge itself through the resistance R in time to be ready 
to receive the next charge from the succeeding R/F signal pulse. This is a matter which depends 
on the time constant or CR value (Vol. I) of the combination, and the latter must be chosen 
having regard to the modulating frequency in use. The CR value of a detector working well with 
an LC.W. signal, modulated by a 1,000 cycle note, would not necessarily give good results in R/T 
reception, where modulating frequencies up to 6,000 cycles must be considered {cj, N.27, 29, 39). 
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This matter is treated in greater detail below, but it may be stated that the typical CR value in 
Service detectors is of the order ol 2/10* seconds. The latter means that the condenser discharges 
to one-third of its initial charge in 2/10* seconds, or that the detector device can deal reasonably 
well with modulating frequencies of the order of 10*/2 cycles per second, i.e., 5,000 cycles/second. 
This is not good enough for the reception of R/T, and a broadcast receiver has a CR value of the 
order of 1/10*, C being typically O-OOOl fiF. and R being 1 megohm, a device which will respond 
adequately to modulating frequencies of the order of 10,000 cycles per second. 

In other words, the time constant should be large in comparison with the period of the R/F 
component, but small in comparison with the A/F one. 

7. A Simple Receiver having a Coupled Secondary Circuit.—Fig. 6 represents a simple 
form of receiving circuit which may be used in a preliminary discussion of broad principles. It 
may be assumed, if desired, that a crystal detector is being employed. 



Fig, 6. 


Since an E.M. wave induces in a receiving aerial E.M.Fs of the same frequency as itself, the 
resulting oscillatory current in the aerial will have a maximum value if the aerial is tuned to the 
same LC value as that which corresponds to the frequency of the wave, i.c., the same LC value as 
that of the transmitting aerial. The greater the oscillatory current in the receiving aerial, the 
greater will be the oscillatory voltage which can be applied to the detector, and the greater will be 
the audibility of the signal. In some cases, therefore, the aerial circuit is tuned, or made resonant 
to the voltage induced in it. We may regard the effect of the incoming wave as being represented 
by an alternator inserted in the aerial circuit, giving an R/F voltage of small amplitude which 
produces forced oscillations in the aerial. 

The aerial circuit is shown consisting of an aerial tuning inductance L^, and an aerial tuning 
condenser C(, for adding capacity in series with the aerial. The circuit is completed through the 
aerial capacity a and the resonant current flows through L,, the primary of a mutual inductive 
coupling to the secondary circuit. 

The detector may be connected up across the inductance or condenser of the aerial circuit 
itself, but such an arrangement is very unselective. In general, a detector, or receiver, is fed from 
a separate circuit of its own, inductively or otherwise coupled to an aerial circuit. The secondary 
circuit is tuned to have the same LC value as the aerial circuit. Resonant currents will therefore 
circulate in it, and the oscillatory voltage set up across the secondary condenser by these currents 
is applied to the detector. It is shown later that in ord^r to apply the greatest possible voltage to 
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the detector, L, should be made large and C, should be made small, since the value of the voltage 
across the condenser is given by where I, is the secondary current. This argument neglects 


the effect of any damping due to the detector, a serious factor varying with the input. 

In this way, R/F oscillatory voltages of as large amplitude as possible are applied to a detircting 
device, following which the R/F component passes through the condenser, usually known as the 
telephone condenser, and the A/F component passes through the telephones. In cases where the 
telephones do not present the requisite high impedance to the A/F component, connection is made 
by means of a step-down telephone transformer, the latter effectively stepping up the resistance 
of the telephones to the requisite value (Vol. I). The use of a telephone transformer also protects 
the telephones from the passage of any D.C. component which may result from a rectification process, 
and whose presence may be undesirable. 


8. Numerical Example on Aerial Tuning. —It is required to receive (a) a wave whose 
LC value is 400 ; (&) a wave whose LC value is 20, on an aerial whose natural inductance is 30 mics., 
and natural capacity ti is 1-5 jars. The primary (Lp) of the inductive coupling to the secondary 
circuit has a value of 40 mics. 

[a) Total inductance required = -- j—^ ^ 266*6 mics. 


Inductance already in circuit = 30 -f 40 --- 70 mics. 
Additional inductance required on tunei — 196*6 mics. 
LC 20 2 

(6) Total capacity required —~ 70 ~ 7^ 


Capacity already in circuit = 1 - 5 jars. 
Additional capacity (C^) must be added such that 


J_2_7 J_ 2 _2„IZ 

C, ~C““c”2~l*5“2~3"" 6’ 


Cj = 0*35 jar. 


9. Types of Detector. —In order to detect a signal, many different devices have been used. 
Ihe most important, in historical order, are the coherer, the electrolytic detector, the magnetic 
detector, the crystal detector, and the valve detector. There is also the metal rectifier, a device 
^\liich is separately described in H.IO ; it may be regarded as the modern form of crystal detector, 
but is used chiefly for power rectification. 

These differ widely in their appearance and nature, but all achieve the same purpose, i.e.,] 
to turn a group of R/F oscillations into a single current variation, and hence a number of groups 
themselves recurring at audio-frequency into an A/F current variation, through the device which 
I enders signals perceptible to the ear. 

In present day practice, both metal rectifiers and valves find application as detectors, the 
latter being much more commonly used than the former. 

As, however, the crystal detector illustrates very conveniently the principle of rectification, 
without the complication produced in a receiving circuit by the introduction of a valve, a brief 
description of its action will now be given. 

10. The Crystal Detector. —We have seen that the essential feature of a detector is that its 
conductance should vary with the direction of the applied voltage. 

A peculiar property of certain combinations of two crystalline substances in contact with each 
other, or of a crystal in contact with a metal, is that they form a conducting path whose resistance 
varies according to the direction and also the amplitude of the voltage applied across them. In 
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other words, («) for equal applied voltages they allow more current to pass in one direction than 
the other, and (6) the ratio of voltage to current for varying voltages in the same direction, is not a 
constant; Ohm's law is not obeyed. 

The actual values of resistance, for crystals which were in common use, is high, and of the order 
of 10,000 to 100,000 ohms. For small applied voltages the current may even be zero, and the 
resistance infinite. Carborundum and steel is a crystal-metal combination often found in earlier days. 
A fragment of the crystal was mounted in a small brass cup and the metal contact or “ cat's whisker " 
was held against it by a spring. The sensitivity of the combination depends very much on the 
contact pressure, and the sensitivity of different “ spots " varies. 

The theory of the action of crystal couples, or crystal metal combinations, cannot be said 
yet to be thoroughly understood. 

11. Characteristic Curves.—^The action of a detector device, such as a crystal, can be 
appreciated by considering its “ characteristic curve,” which is a graph of current against voltage 
for varying values of voltage in both directions. 

Fig. 7 (a) represents an ordinary resistance in scries with an ammeter between the centre 
point C of a potentiometer and the slider E. In this way, equal voltages in opposite directions 
may be applied to the resistance, the resulting current being measured by the ammeter. 




(^) 



Fig. 7. 


Fig. 7 (6) shows the result of plotting current against voltage ; this curve is called a character¬ 
istic curve of the resistance. From it we see that when C is 1 -volt positive to E a current of 1 ampere 
flows from C to E through the resistance, for 2-volts, 2 amperes flow, and so on. Similarly, when 
C is 1-volt negative to E, a current 1 ampere flows in the reverse direction and so on. 

From this we gather that the resistance R is given by 

V 1 2 

If the resistance R is replaced by a detector device, such as a crystal detector, we get a totally 
different characteristic, the form of which depends on the nature of the device. Fig. 7 (c) represents 
the characteristic curve obtained by the bornite-zincite combination, in which the direction from 
bomite to a zincite is reckoned “ positive." 

The characteristic curve indicates that when a voltage is applied in the positive direction, tKV 
resistance of the detector is low, i.e., 0-1 volt gives a current of 20 microamperes, 0-3 volt gives 
72 microamperes, etc. When voltage is applied in a negative direction the resistance of the device 
increases enormously ; —0-1 volt gives about 3 microamperes, and —0-5 volt only gives about 12 
microamperes. 

Hence the resistance of the detector to voltages applied in a positive direction is much less 
than its resistance to voltages applied in a negative direction. 
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Consider now wbat h&^iens when an incoming K/F ugnnl applies an oscillatory voltage across 
the detector in the manner shown in Fig. 6. The process is r^resented in Fig. 8 (a), which shows 
the signal applying voltages alternately in opposite directions across the detector device, in this 
case the crystal. 



(a) (^) 

1<1G. 8. 

It is important to notice the way in which the figure is drawn. By running perpendiculars 
fiom the oscillatory voltage curve to cut the characteristic curve, the corresponding current curve 
ran be determined. The axes of co-ordinates are made to serve both as axes of current and voltage, 
and as axes of time. 

From the figure it is clear that the first result of the introduction of the detector is to produce 
an asymmetrical variation of current from a symmetrical variation of applied voltage, the frequency 
with which the current varies being the same as the frequency of the incoming signal. We have 
therefore achieved the result which was shown to be desirable in paragraph 3 ; the mean value of 
the current now alternates at a frequency depending on the modulation, and will affect the telephones 
if the modulation frequency is within the A/F range. 

Fig. 8 (&) shows the portion of Fig. 6 which includes the detector. As a result of the process 
shown in Fig. 8 (a), the condenser receives unequal positive and negative charges during each 
successive half cycle and, therefore, accumulates a resultant charge which sets up a P.D. across the 
condenser, making the diaphragm move out of position once only as a result of the passage of this 
part of the wave train. Alternatively, as in paragraph 6, it may be considered that the object of 
the condenser is to separate the two components resulting from detection by providing two circuits 
in parallel, the condenser for the R/F compKinent and the telephones for the A/F one. 

The basic process which has been outlined above is true of any detector. 



12. The Diode Detector.—Valve detectors have almost completely replaced all other forms, 
and the simplest of these is the diode. As explained in Section “ B," electrons only flow appreciably 
from filament to anode of the diode valve, when the anode is positive with respect to filament of 
cathode. From this point of view it is clear that the diode forms aji almost ideal device 

or “ valve/' and its application as a detector is clearly isdicatedr 
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Fig. 9 [a) represents a series connected diode detector, Fig. 9 (c) representing the parallel con¬ 
nected circuit (paragraph 6). In each case, R is the output impedance across which potentials at 
the modulating frequency are developed, and C is the R/F by-pass condenser ; in the simplest case. 





the resistance R might be replaced by telephones, but it is more usual to pass on the lectilied A/F 
output for subsequent amplification. The bench mark symbol beside Fig. 9 (a) indicates the 
direction in which conventional current flows across the valve ; with thermionic detector devices 
it is always moic convenient to think in terms of electrons, which flow in the opposite direction. 
The side of the condenser attached to the filament acquiies a positive charge, and the other side 
acquires a negative charge due to the accumulation of electrons on it. If the resistance R were not 
connected across the condenser in Fig. 9 [a), electrons would continue to accumulate on the side 
of the condenser attached to the anode, until the F.U. across the condenser became equal to the 
peak voltage of the incoming R/F signal. When that condition is reached no further electrons will 
flow across the valve ; this i.s the principle of opeiatiun of the peak voltmeter (H.2). By connecting 
resistance R across the condenser tlie voltage across the latter lalls slightly from the peak value and, 
in the case of an unmodulated signal (C.W.) a steady D.C. current flows through R [Cf. F'ig. 24 
in N,27). In the case of I.C.W., a cunent at the modulating frequency also flows through R, being 
superimposed upon the “ D.C. component.” 

Fig. 9 (t) represents approximately the chaiacteristic curve of a diode. It will be seen to 
resemble that of Fig. 8 (a), and the mechanism of the detection process is essentially similar to 
that case. 

The diode detector is more fully described in Section N.27 ; it was the first and simplest 
of the valve detector devices, but its comparative insensitivity led to the development of 
other forms of valve detector. It is now being used much more than when it was first dis¬ 
covered, especially in superheterodyne receivers where the detector often follows stages of 
amplification and extreme sensitivity is not required. For K/T work it has the special 
advantage that its characteristic is very straight, a matter of importance when it is desired to 
avoid distorting the modulating signal; the same feature gives it a special advantage for use in 
A.V.C. systems (N.35). 

13. The Double Diode. —With the circuit of Fig. 9, electrons only appreciably flow across 
a valve when the anode is positive with respect to the cathode, i.e., during the positive half cycles 
of input voltage. By using a double diode and a centre tapped input circuit, it is possible to have 
electrons flowing across the valve during each half cycle 
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Fig. 10 represents a double diode in a series coiuiected circuit. 
If there were no load resistance R connected across the con¬ 
denser, electrons would accumulate until the P.D. across the 
condenser is equal to the peak value of the input signal, after 
which the action would cease. 

This circuit is similar to that of the full wave rectifier used 
in the production of D.C. from A.C. for power supply purposes 
(H.3). In this simple form it is seldom used in R/F circuits, 
being more usually found in connection with the valve known 
as the double-diode-triode (N.3B, B.45), a valve in which one 
diode detects, the other provides automatic grid bias, and the 
triodc portion amplifies the detected signals. 

14, The Triode as a Detector.—Since the essential feature 
of a detector is the po‘<M\ssion of a non-linear characteristic, the 
work of Section “ B " makes it evident that the triode may be 
used by taking advantage of either— 

(а) the non-linear characteristic curve of anode current plotted against grid voltage, utilised 

at cither its upper or lower bend where the curvature is variable. This is termed 
anode bend rectification, or 

(б) the non-linear characteristic curve of grid current plotted .against grid voltage, using 

the grid-filament circuit of a triode as if it were a diode detector, subsequently 
applying the A/F signals resulting from detection between grid and filament of the 
triode portion of the valve, the latter acting as an amplifier. This is termed either 
cumulative grid rectification, or grid current rectification. 



15. Anode Bend Detection.—Fig. 11 (a) represents the circuit details of a simple anode bend 
Jetector, including a potentiometer by means of which the steady potential of the grid relative to 
he filament can be adjusted, in order to set the working point to the middle of the upper or lower 



Fig. 11. 


bend. The signal applies an input between grid and filament symmetrically with respect to the 
Working point, lower anode bend detection produdng a result very similar to that of Fig. B \a), . 
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The output impedance oonsists of a pair of high resistance telephones for the A/F component, 
aiid the relatively large condenser C, for the R/F one. 

It may be noted, from Fig. 11 (6)^ that no detection takes place if the grid bias is adjusted so 
that the working point falls on the straight portion of the characteristic ; the mean anode current 
is unaltered by the signal. 

Fig. 12 {a) and (6) represents the process of upper anode bend and fowfir anode bend detection 
respectively, in the case of an I.C W. signal. 



(a) a) 


iLiUSr^tlN^ ANOUt RCctirirCATIOH. 

Fig. 12. 

Before the signal arrives, in either case, a steady anode current will flow through the aalode 
circuit of an amount given by the length Of the ordinate. 

04 receipt of a modulated signal, using upper bend detection, the current decreases more 
during the negative half cycles of oscillatory grid voltage than it increases during the positive half 
cycles. The neit result is that the mean anode current shows a decrease during the time 
occupied by one Aft modulating cycle. A heavy I).C. current is drawn from the H.T. supply, and 
floUfs through tbe telephones. 

In the case of lower anode bend detection the Opposite effect occurs, the fllesln anode 
current showing an increase over the same period of time. 

Lower anode bend detection is the form commonly used. It has the advantage that the 
normal adjustment makes the grid negative to the filament, and no ^id current flov^. The effect 
of grid cunenl flowhig, is that energy is absorbed from the input circuit and its daitiping'is increased 
(paragraph 23). 'fins may be contrasted with “ grid current detection,” in which the flOw of grid 
current is an essential condition. A further advantage of lower bend detection is that less current 
is taken from the ll.t. supply. Moreover, the anode bend detector is considerably more sensitive 
than the diode or the crystfil, because of the amplifying properties of the triode. 

16. Anode Bend Detection of Weak Signals.—The performance of an anode bend detector 
depends very much on the antplitude of Ihe incoming sfgn^, and it Is possible to distinguish two 
special oases, power dnode defeetiini ” mid weak sigilal datectkMi rearpocttvely. 
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Power anode detection involves the application of strong signals to the detectori the latter 
giving an output varying approximately in a linear manner with the input; this is a matter of 
considerable importance for the reception of R/T, where it is essential that the operation of detection 
should not distort the wave form of the amplitude envelope of the modulated signal. It gives an 
approximation to the ideal linear detector and is separately treated in Section N.26, 29 ; for 
this reason R/T signals need amplification before power anode detection. 

For W/T purposes, one is mostly concerned with the reception of weak signals, and it is not a 
matter of considerable importance if the note corresponding to the modulation of the wave form is 
slightly distorted. With weak signals it can be shown that the output current is approximately 
proportional to the square of the input oscillatory voltage. This square law detection ’’ 
follows directly from the use of the curved portions of the mutual characteristic, since a small 
portion ofany curve may represented approximately by a square law of parabolic form ; a 
brief mathematical treatment is given below (paragraph 18). 
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Fig. 13 shows clearly the dependence 
of the detector device on the curvature of 
the characteristic [cf. Fig. II (&)]. Under 
no-'^ignal conditions, the operating point is 
to the left of the origin O, in the region of 
negative grid bias. There is a steady pre- 
vSignal current, indicated in the figure. On 
receipt of an unmodulated C.W. signal of 
peak value the anode current varies 
between the limits shown and the mean 
value rises to the line marked ‘‘ new mean 
value." The only response given by the 
telephones during a group of C.W. oscilla¬ 
tions representing a morse dot or dash is, 
therefore, a click at the beginning when the 
diaphragm moves from one steady position 
to another, and similarly at the end of the 
signal. This would not be a satisfactory 
way in which to receive a C.W. signal, and 
it IS shown later that a note is impressed on 
to it by modulating it {heterodyning) at the 
rtxciver. 

In the case of I.C W. signals of small amplitude, the mean value of anode current during the 
Tf ceipt of a signal will vary in accordance with the modulation on the wave ; the anode current 
does not, however, vary in a linear manner with the amplitude of the input signal. 

Fig. 22 in Section “ N " represents the operation of anode bend detection using input signals 
of large amplitudes ; the study of linear detection may conveniently be deferred until reading that 
section. 
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17, Adjustments for Anode Bend Detection—Characteristic Used.—The necessary 
adjustment for good detection is that the normal grid voltage should correspond to a point on the 
characteristic at either the upper or lower bend. 

In the case of upper bend detection this may be obtained by :— 

{a) Filament control.—Alteration of heating current to the filament alters the point on 
the Ifl/V^ curve where it approaches saturation. In practice, the filament is dulled 
by increasing tlie resistance in its heating circuit. 

(2?) Alteration of anode potential.—This shifts the characteristic to the left when increased 
and to the right when diminished. 

(c) Alteration of grid potential by potentiometer control. 
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In the case of lower bend detection the following methods only are applicable :— 

{a) Alteration of anode potential.—^This shifts the characteristic to the left when increased, 
and to the right when diminished. t 

(b) Alteration of grid potential by potentiometer control. 

On account of the impedance in the anode circuit, the dynamic characteristic is, effectively, 
the one used. Hence, the characteristic is flatter than in the static case, and, when using lower bend 
detection, the difference in slope of the curve on the two sides of the bend will not be so great as 
if it were the static characteristic. 

The efficiency of the circuit as a detector for weak signals is greater the greater the curvature, 
or the rate of change of slope at the rectifying point, as will be shown mathematically below. Hence, 
a valve should be used for anode bend detection whose A.C. resistance is high compared with the 
external impedance, so that the slope of the dynamic characteristic does not differ greatly from that 
of the static. In addition, the steeper the slope of the actual characteristic, the sharper will be the 
bend of the curve. Hence, a detector valve should have a high value of and a high value of g,«, 
and in consequence a high value of m. This gives also the advantage that the characteristic falls 
to zero at a voltage which is not too negative, and so reduces the amount of grid bias necessary. 


'A’IB. Mathematical Note on the Square Law Detection of Weak Signals.—In general, 
the value of the rectified current depends in a complicated manner on the amplitude of the applied 
signal voltage, and no simple relation between the two can be stated, except in the case of signals 
of small amplitude. The analysis shown below only applies for small input voltages to the detector. 
In modern receivers, with a number of K/F amplifying stages, the practical results may be very 
different. 


For a small part of its len[j[th, roiiod a j)Dint where its slope is chanf^inf:^, a curved characteristic can be taken 
as approximating to a parabola, and so can be represented by ane quaiion of the form — a -j- bVg f- eVg^ 
where a, b and c have certain definite values depending on the curvature of the dynamic characteristic in thiL 
region. 

Let the polarising, or steady, voltage applied to the grid before a signal arrives be Vq. Then a steady anode 
current flows, given by a-{ 6 V„ H rVo*. 

Let an o.scillatory signal voltage, Vj sin uf, be a])plicd to the grid. 

This, being superimposed on the steady voltage V„, gives a grid potential Vp “f \% sin w/. The corresponding 
current is then 

la — a b (\\ -f V 5 sin wf) + c (Vp -f V, sin oif)® 

— a - 4 - + eVg** 4 - bV, sin uf 4 - 2 c Vp Vj sin cof 4 - cV** sin'** uf 

cV * 

— Ip 4- sin (lit 4- 2 eVg Vj sin wf \- (1 — cos 2 tat) 

= Ip 4- 4- (&Vj 5 4- 2 cVp Vs) sin ^ cos 2 lof. 


There are two radio frequency terms in the above expression, whose mean value over a complete cycle or 
number of cycles is zero. In other words, they are by-passed by the telephone condenser. The term 
represents the change in the mean value of current passing through the telephones (c/. Fig. 13). Now 

la = fl + b\g -f cV,-, 

cV,® V,* cPla i 

Hence the increase in the mean anode current, ,p, may be written as X 

This shows that the rectified current is proportional to the square of the amplitude of 

the applied voltage, and also to the second differential coefficient of I^ with respect to V^, i.e. 
to the rate of change of slope of the (!„, V^) curve. The most sensitive position for rectification is 
thus where the slope is changing most rapidly, i.e., at the upper and lower bends of the curve. 
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It also follows from this result that, with weak signals, it is advisable to amplify before detection, 
because of this “ square law ” which connects the final current change through the telephones, and 
the strength of audible signal, with the value of applied voltage ; if the input signal is doubled, the 
A/F output will be quadrupled. 

19- The Grid Current Detector—Cumulative Grid Detection. —Fig. 14 {a) and (6) 

represents the series and parallel connected form of a circuit using the non-linear characteristic 
curve of grid current plotted against grid voltage (paragraph 14). 



^ Both circuits resemble Fig. 11 {a), but have in addition the “ grid leak and condenser com¬ 
bination R and C respectively. Moreover, this addition makes the circuit between grid and filament 
strikingly similar to Fig. 9, the circuits for the diode detector. The latter, in fact, piovides the 
Line to the operation of the grid current detector, sometimes called the “ leaky grid " detector. 

In Fig. 15 (a), the dotted curve represents the incoming I.C.W. signal voltage which is applied 
between the grid and filament of the valve. As in the case of the diode, electrons flow (grid 



Fig. 15. 
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current) during the positive half cycles and, if there were no grid leak R, a P.D. would be developed 
across the plates of the condenser equal to the peak value of the incoming signal voltage. With the 
grid leak K in position, the D-C. component (paragraph 12) flows in R, having superimposed upon 
it the AjF component corresponding to the modulating frequency. 

Fig. 15 {ci) shows the grid current/grid voltage characteristic, and shows the small pulses of 
rectified grid current which flow during the positive half cycles. As the amplitude of the signal 
increases, a bigger negative charge is built up on the side of the condenser attached to the grid, 
and the value of the mean anode current falls correspondingly. The P.D. developed across R, 
between the points X and Y, is applied between grid and filament of the valve considered as a 
triode. The latter acts as a class “ A'' amplifipr (N.23, F.8), working on the straight portion of 
its characteristic, and gives an amplified anode current output, the shape being a replica of the input 
signal. Fig. 15 (6) represents the mutual characteristic of the valve, and shows the S 5 anmetrical 
signal input superimposed on a varying mean grid voltage, producing, in consequence, a similar 
variation of mean anode current, the anode current decreasing periodically at the modulating 
frequency. 

The anode current varies at both radio and audio-frequency, the R/F component being by¬ 
passed by the relatively large condenser C^. It should be noted that the flow of grid current is an 
essential condition to the operation of the detector. With some valves, grid current does not 
start until the grid is slightly positive to the negative end of the filament. For this reason it is 
sometimes the custom to connect the end Y of the grid leak to the positive terminal of the filament 
supply ; a small positive bias will thus be applied which will ensure efficient operation. 

It may be shown that, as in anode bend detection, the strength of signals in the telephones is 
proportional to the square of the amplitude of the incoming signal voltage for small inputs (square 
law detection). The formula is involved, and depends, as might be expected, on the slope and 
rate of change of slope of the grid current characteristic, as well as on that of the anode current 
curve. For this reason the grid current detector will distort an R/T signal (paragraph 4), a matter 
of no consequence in the reception of W/T. In the case of R/T there is a further possibility of 
distortion if the incoming signal has too large an amplitude. The reason foi this is evident from 
Fig. 15 (6) ; if the A/F signals arc too large, the mean grid voltage will swing the input to the 
neighbourhood of the lower bend of the mutual characteristic, and lower bend detection will take 
place. Since the latter tends to increase the mean anode current, it runs counter to grid current 
detection, which tends to decrease it, and distortion is introduced. 

The treatment of large input signals is considered under the heading " power grid detection ” 
{cj. paragraph 16) in Section N.30. 

Incoming C.W. oscillations cause the grid to take up a state of equilibrium at some potential 
more negative than its original value ; the electrons flowing into the condenser during the positive 
half cycle of grid/fUament voltage are just equal to the total discharge of electrons through the leak 
during the whole of each cycle. {Cf. Fig. 24 (a). Section “N."]. The mean Euiocle current falls 
from its pre-signal value, and, again, u click is heard in the telephones. 

From the foregoing work, it appears that the grid current detector acts as a triode amplifier 
following a diode detector (CJ. N.27, Fig. 25). For comparison, the anode bend detector may be 
regarded as an amplifier followed by a detector. For weak signals the grid current detector is the 
more sensitive of the two. 

20. CR Value of the Grid l.eaK and Condenser Combination.—The determioation of 
the most suitable values for C and K is a matter of some difficulty. For audibility, f:he -amplitude 
of the A/F component resulting from the detection process should be large, a matter which implies 
tliat sufficient asymmetry should be introduced into the rectified current waveform ; the mean 
value of the grid potential must go sufficiently negative. It is also essential that the charge should 
leak away during the later portion of the A/F cycle. Such considerations gi\e the following 
results:— 

(a) C should be small, so that small accumulations of electrons may charge it up to a 
considerable potential. 
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(&) The pix^uct CR should be adjusted to give the requisite “ leak away ** during the 
portion of the cycle available. The importance of the “ time constantCR hau$ 
already been stressed in paragraph 6. 

(c) The resistance R should be such that its value is much higher than the reactance of 
the condenser to the signal voltage oscillations ; the R/F voltage applied between 
grid and filament will then be as large as possible, and R will be a suitable impedance 
for the A/F component. This indicates a high value of K and a high value of C. 
In any case, R must not be too low, or the rectified charge will drain away practically 
as fast as it collects. 

Since considerations {a) and (c) give opposing results as regards C, its value must be a compromise, 
and the value of R is chosen to satisfy (b) as well as possible. 

21- Adjustment and Mal-adjustment of the Grid Current Detector. —With cumulative 
grid detection, the audio frequency decrease in anode current through the telephones is greater 
the greater the slope of the anode characteristic. So far we have only considered the action as 
taking place with the working point on the straight part of the curve. 

Working point too low down. —Let us suppose that the anode current curve is such that, in¬ 
stead of the straight steep portion of the curve, the lower curved portion is opposite the as 5 mimetrical 
grid voltage variations. In tliis case there is less response in the telephones, for two reasons. 

Firstly, the slope of the characteristic is less, and, secondly, there is an anode rectification 
effect due to the concavity upwards of the characteristic. Now cumulative grid rectification always 
gives an audio frequency decrease in anode current, while lower bend anode rectification gives 
an increase, and hence the two effects are in opposition. 

Adjustment.—To move the working point further up the characteristic, the anode voltage 
may be increased, or the grid leak may be connected to the positive instead of the negative side of 
tlje filament. This last method may be explained by the fact tliat, in cumulative grid rectification, 
with a leak fitted, the initial negative voltage on the grid is not exactly that at which no grid current 
lluv\s (as we saw it was with the condenser only), but some other voltago determined by the value 

The steady voltage on tlie grid, 
with no incoming signal, is alctually 
determuied by the intersection of the 
{l^, Vg) curve and the fine OA drawn 
fiom zero giid volts (when the grid is 
connected to the negative side of the 
filament), iti such a dii^ction that its 
slope is given by cot 6 = R, wfiere R 
is the value of the leak resistance. In 
other words, the potential of the grid 
with respect to the filament is given 
by Yg = —I^ R. In addition, Vg and 
Ig aic connected by the relationship 
expressed by their characteristic curve, 
and with both conditions to be satisfied, 
the construction of Fig. 16 determines the 
initial potential of the grid {cf, N.27). 

In the figure shown, the point of 
intersection A is opposite to A' on the 
(I 4 , V^) carve, which is rather low down. 
If, however, the grid weie connected to the positive end of the filament, OC being the voltage 
diop akmg the filament^ then by the same argument, when angle BCO = 0 , the steady voltage on the 
^id is B, opposite a point B' on the (Ip, VJ curve, where the latter is steep and straight. 


nf the leak itself. 
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Working point opposite the top bend of the (I^, V.) curve. —Since top bend anode recti¬ 
fication, which is bound to occur in this case as well as cumulative grid rectification, gives a decrease 
in mean anode current through the telephones, the effects are here additive, instead of being in 
opposition, as in the last case. 

It is not usually possible to achieve this combination of results because :— 

(i) Cumulative grid rectification depends on grid current, and it is usual to employ low 

values of anode voltage to give bigger values of grid current. This means that the 
(I^, VJ characteristic is moved to the right, and so the upper bend tends to be 
away from the region of operations. 

(ii) If it is proposed to overcome the above difficulty by reducing the filament current, 

so as to bring the upper bend of the (!„, V^) curve to the left, similar difficulties 
arise. To get good values of grid current a large filament heating current is neces¬ 
sary, and this increases the saturation current and moves the upper bend to the 
right. 

Both from the point of view of filament current and anode voltage, therefore, the conditions 
which are suitable for upper bend anode rectification are antagonistic to the production of the 
values of grid current necessary for cumulative grid rectification. 

22. The Moullln Voltmeter.—^The principle of the anode bend detector may be usefully 
applied to the measurement of R.M.S. voltages at high frequencies. Fig. 17 (a) represents the 
circuit details of one form of Moullin voltmeter, which is essentially a lower anode bend power 
detector (paragraph 16), in which the increase in mean anode current, consequent upon the detection 
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Fig. 17. 


of a signal, is recorded by a milliammeter; the latter may be calibrated to read directly in volts. 
The variation in anode current is approximately proportional to the input voltage {cf. Fig. 20), 
but is almost independent of the frequency of the applied E.M.F.; for this reason the voltmeter 
may be calibrated using a low frequency supply. 

These voltmeters are usually low reading instruments, and the range and values of the com¬ 
ponents will depend upon the characteristics of the valve. For example, a valve having the 
characteristics shown in Fig. 17 (6) could be used to give satisfactory results for input voltages of 
the order of 5 volts. It would be necessary to make provision for a negative grid bias up to about 
10 volts, using an H T. battery of 50 volts ; C and R might have the values of 1 pF and 3,000 ohms 
respectively. 
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This type of inslrum^w- measure the A.C. voltages in circuits also carrying 

D C. voltage ; the blockiilg condenser C prevents the applications of the latter between grid aflp 
lilament of the instrument. In commercial forms of this voltmeter it is usually necessary to adjiist 
the grid bias in order to bring the pointer to the zero of calibration. The maximum input to the 
instrument is limited by the voltage at which the positive peaks just run into the region in which 
jrid current flows [cf. Fig. 20). 

The anode bend detector receives a further application in wavemeters as a resonance 
indicating device [cf. W.13). It might also be used as a monitoring control, indicating the varying 
“ depth of modulation ” in the case of an R/T transmitter (cf. N.14). 

Voltmeters of this type are calibrated using pure C.W. oscillations ; the errors introduced by 
other wave forms may be large. 

'A'23. Damping of the Grid Current and Diode Detectors. —The cumulative grid detector (and the diode) 

-.idfers from the serious disadvantage that it produces a damping eJet 1 on the tuned grid circuit, being equivalent 
Lo the introduction of a small senes resistance. The necessary grid current reduces the effective parallel 
resistance of the grid-filament path from almost infinity, when no grid current flows, to some much lower 
finite value under working conditions ; the lower anode bend detector suffers no such rlisadvantage from this 
:ause. 

Moreover the grid leak itself is effectively across the input circuit, and therefore acts as a shunt resistance 
replaceable by an equivalent series one (Vol. 1). 

Damping inevitably reduces the selectivity of the tuned cirruit, but it should be noted that the advantages 
)f the grid current detector often compensate lor this deTcct (cj N.30). 

At any instant the " alternating current resistance " of the gnd-filament path is given by the slope of the 
grid volts/grid current characteristic ; under working conditions the elTectivc resistance may be represented 
hy fg, 

lug. 18 (a) shows the simplified circuit, omitting the grid lejik and condenser; Fig. 18 (^) is the simplified 
equivalent circuit. 



(a) (fi) 

Fig. 18. 


It is shown below, that the equivalent series resistance (Rj) introduced into the tuned circuit is approximately 
given by R^ = L/Crg. Mathematically, this may be done by finding the effective impedance presented by the 
circuit to the right of a dividing line through X and Y. This is given by 


_1 
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1 

3 

uC 


H-- JcaC -|-= 


; VghiC + 1 
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irgtoC -f 1 1 + 
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1 + 1 + rg“ii>*C2’ 


The resistive term in this expression gives the equivalent series resistancei hence, 


Rs = 


_a_ 


1 

■ rgei)*C* ■ 


. a result which is obtained in Vol. 1, 
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Alternatively, using ci* = 777 
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In practice Vg may be as low as 10,000 ohms ; including the grid leak (Ri) the total effective parallel loau, 
or “ input resistance,” may be shown to be aj^proximately half the value of the grid leak, or Ri/2 (c/. N.28). 

An expression indicating approximately the order of magnitude of the total equivalent series damping 
resistance is, therefore 

R' — 

* “ CKj- 

It should be noted that this work does not take account of any damping due to Miller effect (F.ll, 32), which 
may be much bigger than that due to this cause, and may even make the effective resistance negative. (Also 
cf. paragraph 24.) 


24. The Push-Pull Detector. —In addition to the foregoing single valve detector circuits, 
it is possible to arrange a rectifying circuit using two valves working in the manner usually known 
as “ push-pull.** Using triode valves, the push-pull detector is seen in two basic forms, the anode 
bend detector, and the grid current detector respectively. 

LOWER ANODE BEND DETECTOR.—^Fig. 19 (a) represents the circuit details of the 
lower anode bend push-pull detector. The R/F input is applied symmetrically between grid and 
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filament of^ lilied to the grids being suitably biased negatively in the manner shown. 
The outputs iWo "valves are connected together, both anodes being fed through the load 

impedance R. 

On receipt of a modulated signal, each valve singly operates as a detector, and Fig. 19 (c) 
represents the R/F pulses of anode current produced by each valve. Anode current only flows 
during the positive half cycles in each valve, but since both valves are fed through the same impedance, 
they produce an additive effect in R, giving an output of the form shown in Fig. 19 (c). It will be 
noted that the frequency of the H/F pulses through R appears to have been doubled ; the circuit, 
in fact, is one form of “ frequency doubling circuit, a matter which is further referred to in K-46. 

The mean anode current through R varies at the modulating frequency, and the latter may 
be passed on for further amplification if desired. Condenser C provides a by-pass for the R/F 
component. 

A practical example of the use of this circuit appears in Fig. 51 of Section F.*' 

GRID CURRENT DETECTOR.—^Fig. 19 (6) represents a push-pull detector circuit using 
the principle of grid current detection. The output arrangeinents are similar to those of Fig. 19 (a), 
but the operation of the circuit is somewhat different. As before, a modulated R/F input is applied 
symmetrically between the grids of valves (1) and (2), but in lliis case the latter are not adjusted 
to work at their lower bends. The operation of the circuit may most easily be appreciated by 
considering its action as a push-pull amplifier, disiegarding tejnporarily the rectifying action. 

Considering the amplifying action, when the grid of valve (1) is positive, that of valve (2) will 
be negative ; the increase in anode current due to valve (1) is cancelled by the decrease in anode 
current due to valve (2), and the nett effect in K tends to be nil for the R/F oscillation. 

Considering the rectifying action, when either grid is positive, grid current will flow and tend 
to make the grid go negative. This will cau.se a decrease in the mean anode current, and since the 
giid of each valve is positive alternately, the decrease in mean anode current is continuous, and the 
two effects in R do not cancel out. As the amplitude of the incoming signal increases, the mean 
^ iinode current is furtlier reduced. 

These effects m^y be represented diagramniatically as shown in Fig. 19 (d). I'lie R/F pulses 
of anode current due to valves (1) and (2) are in anti-phase through R, and tend to cancel each other 
in the output. If the valves are perfectly balanced there will be no R/F current in the common 
anode impedance. In practical cases the valves are seldojii quite the same, and the small R/F 
content in the anode impedance is by-passed by condenser C, which may be smaller than usual. 

The A/F variation of mean anode current, produced by each valve singly, is not cancelled in 
R, and the effect produced is shown in the output curve of Fig. 19 (^/). 

Theoretically, there is no necessity for grid blockiiig condensers ; the tuned circuit cannot 
short circuit the grid leak, since it is in series with another equal one (paragrapli 6). 

Of these two rectifying circuits, the grid current detector is the one offering the more advantages. 

* It gives less damping due to Miller effect (F.l 1, 32) than the corresponding single valve cumulative 
grid detector. Miller effect is due to the feed back of H/F energy from the anode circuit to the 
{jrid circuit, and produces, in certain cases, an effect equivalent to the introduction of a damping 
resistance into the input circuit. The latter occurs when the reactance of the output circuit is 
mainly capacitive, as in the case under discussion. As shown in paragraph 23, the grid current 
detector suffers considerably from the ill effects due to the damping inoduced by the flow of grid 
current; it is therefore important to minimise further damping, and consequent loss of selectivity, 
due to other causes. In this case Miller effect is minimised, since there is little or no R/F component 
in the anode circuit. 

To offset any advantages we may note the necessity for carefully matched valves, and the 
greater drain on the H.T. battery than in the case of a single valve detector. 

A practical adaptation of the use of this circuit appears in Fig. 12 of Section T." 

25. Reception of Continuous Waves (C.W-). —^Froni the foregoing work, and paragraphs 16 
and 18 in particular, the asymmetrical current resultant upon the detection of C.W. can be resolved 
mto a high frequency variation about a new steady mean value. Employing power anode (linear) 
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detection, the process is illustrated in Fig. 20. There is no A/F 'he rectified current 

wave form, and the only effect produced in telephones is a click at the beginning and end of a signal. 

The absence of an audible note in telephones 
j y is due to the received signal not having any 

^ / A/F characteristic. In order, therefore, to 

^ make the telephone diaphragm vibrate at 

audio-frequency, it is necessary to break up a 
long train of continuous waves into groups 

___^_ succeeding each other at audio-frequency, 

/ \ A A each group giving one pull on the diaphragm 

/ 1 I \ 11 mean amodl as the resultant effect of the asymmetry intro- 

J curaemt duced by the process of detection. This 

_-- result may be achieved as follows :— 

R [a) At the receiving station, th^ 

current in the receiver circuit 
may be interrupted or varied 
at audio-frequency by a 
mechanical method. An 
arrangement for doing this is 
called a “ tikker,'" and is 
generally either an arrangement 
for breaking and making the 
' circuit, or for periodicaUy mis- 

tuning the circuit by breaking 
or making an additional circuit, or rotating a closed coil coupled to the induc¬ 
tance in the receiving circuit. 

(6) Heterodyne reception. This method gives more satisfactory results than (a), and \s 
described below. 

26. Heterodyne Reception of C.W.—In this system, a separate local circuit, known as the 
heterodyne circuit,^' is loosely coupled to the detector circuit, as illustrated in Fig. 21. The 

heterodyne circuit consists of an 
inductance and capacity, in which 
a continuous R/F oscillation of 
suitable amplitude is maintained 
by some device ; in most cases, 
the latter is a valve oscillator 
(Section " K *’). For the moment 
we shall merely assume that this 
oscillation is set up, and that 
its frequency is adjustable be¬ 
tween wide limits by adjustment 
of L or C. 

When there is no incoming 
signal, the local oscillator applies 
an R/F voltage variation of 
constant amplitude to the de¬ 
tector, but the latter producen 
no sound in telephones (para¬ 
graph 25). 

When a C.W. incoming 
signal is being received, two 
R/F oscillatory voltages are 
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applied to the detector, one at the frequency of the incoming wave and one 
at the frequency of the local oscillator. 

Now, unless these oscillatory voltages are of exactly the same frequency, they will not rise 
and fall in time with each other, but will get into step and out of step alternately. The case is not 
unlike that of two men walking along the street together, one being tall and taking long strides, 
and the other being short and not taking such long strides as his partner ; if the two keep abreast, 
they are alternately in step and completely out of step at certain moments ; at intermediate times 
they are more or less out of step. 

'fhe action is illustrated in Fig. 22 ; curve A shows the voltage input due to the incoming 
wave, curve B showing the input due to, and at the frequency of, the hsterodyne circuit. Curve C 
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Fig. 22. 


shows the combined effect of these two inputs which is applied to the detector. It will be observed 
that at moments 2, 4 and 6, the two component curves are exactly out of phase; at moments 3 
and 5 they are in-phase, and, therefore, additive. 

Curve D shows the rectified current, using lower anode bend detection, and the dotted line 
through the high frequency variation of current represents the A/F variation of the mean value of 
the current, on which we may consider the H/F symmetrical oscillations superimposed; this 
A/F component actuates the telephones. Each of the sections or groups, into which the wave 
form of C is divided, gives one variation in the pull on the diaphragm, instead of the constant 
additional pull which would be the result of detecting either wave form A or B separately. 

The wave form illustrated in C is similar to that familiar in acoustics, where a throbbing effect 
i& heard between two organ pipes of nearly the same frequency which are energised simultaneously. 
The coming in and out of step in such cases is known as the “ beat effect.*’ 

27. The Beat Frequency.— The frequency of the beats of voltage illustrated in curve C, 
'vhich is also the frequency of the note heard in the telephones, is given by the difference of the 
frequencies of the two component R/F waves A and B. This may be seen from the curves 
given. Between moments 2 and 4 there are five complete cycles in curve A and four complete 
cycles in curve B, during which time curve C, the resultant, passes through one complete set or 
group of variations. 
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NUMERICAL ILLUSTRATION .—To take figures, the following table gives the beat frequency 
corresponding to various adjustments of the heterodyne circuit, if a wave at a frequency of 48,000 
cycles per second is being received : — 


Incoming Wave. 

Heterodyne Circuit. 

Note heard, or Beat 

Frequency. 

Frequency in cycles/sec. 

Frequency in cycles/sec. 
49,000 

Frequency in cycles/sec. 

1,000 


48.750 

750 


48,500 

500 


48,250 

250 

48,000 

48,000 

0 


47,750 

250 


47,500 

500 


47,250 

750 


47,000 

1,000 


From an inspection of this table we may deduce that when the frequency of the heterodyne 
circuit is the same as that of the incoming signal, no sound is heard in the telephones. There will 
be a space on either side of this point where the beat note is so low as to be inaudible. This occurs 
if the beat frequency is less than about 20 cycles per second. This space is called the “ Dead 
Space.” 

As the LC value of the heterodyne circuit is increased or decreased relative to the LC value 
of the signal, a note of increasing pitch is heard. Eventually the note becomes so high as to be 
beyond the limit of audibility. 

The same note can be obtained at two points, t.e., points at equal differencs of frequency ab ^ ‘ 
and below the dead space, e.g., in the above example a 500-cycle note is heard when the heterodyne 
circuit is set to 48*5 or 47-5 kc/s. 

The great advantage of the heterodyne system of reception can now be seen—^that the note is 
absolutely under the control of the receiving operator. By a slight variation of the heterodyne 
condenser he can adjust the note in his telephone to any pitch that suits his hearing. 

In addition, it is very easy to get over interference by over-reading. 

For example, if an operator wished to receive a signal of 100 kc/s. frequency, and interference 
was experienced at 99 kc/s., he could either— 

(1) Set his heterodyne tp 100-7 kc/s. and read the signal as a 700-cycle note, while the 

interference would be heard as a 1,700-cycle note (which would be easy to over- 
read) . 

(2) Set his heterodyne to the frequency of the interference, or close enough to it to be 

inside the dead space, in this case to 99 kc/s., so giving the wanted signal as a 
1,000-cycle note, while the interference would be inaudible. 


<^28. Mathematical Note on the Heterodyne ReceptlDn of G.W.—It is possible to 
proof of the stateiiieiits based on graphical considerations in paragraph 28. 

Suppose that the E.M.^^ introduced into the detector circuit by the incoming signal is a 
due to the local oscillation is b sin ci) 2 ^- 

The combined E.M.F, is a sin + fj sin 
Let (co^ — Cl)a) be written ci). 

Then the combined E.M.F. is a sin (dj d) ^ -f 6 sin 

= [a cos uf 4 t’) sin Uil -f (a sin mt) cos cogf 
A sin 4 0), 

where 

A® ^ (a cos -h &)“ -h [a sin = o* -|- 2 ab cos u 


give an accurate 
sin and that 


and 


tan 0 


a sin lat 
cos ul -|- 6 


Section " D.” 


8B-S9 


The resultant can therefore be considered as a sine curve of TBrylnf amplitudB Ai 

Since A = a* + 6’ + 2ab cos it reaches a maximum value every time cos utf = + 1, at a frequency 

given by 


The separate frequencies of the two waves are given by and and their diflerence is 

Zk Ztz 


W,, 


2tz 


CJ 

2^’ 


Therefore the frequency with which the amplitinle of the wave form in curve C reaches its maximum, i.e., 
the beat frequency, is the difference of the two separate radio-frequencies. 

The range of variation in the amplitude of the combined wave-form is from (a + ?>). when cos cot = -|- 1, 
to {(1 — b), when cos bit = — 1. 

WTien a = &, as in the figure given, the range is from 2a to zero. 

It may further be observed that, in this case, the value of 0 becomes 


^ , sin fo/ 

tan—1-; 

cos co< + 1 

so that the combined E.M.F. may be written 



bit 


A sin I cija -f- 


?) 


t ~ K sill 



101 — to 


-0 


i 


. tOj -h 10, 

== A sin ——' 


-10 

2a^ 2a^ cos oit — 2a cos — /, and therefi'n* 

(1) The frequency of the radio-frequency oscillations contained in curve C is the mean of the separate 

radio-frequencies ; 

(2) The amplitude variation is simple harmonic. 

If a is not equal to b, the radio-frequency in the resultant wave form is itself a varying quantity. 


^ 29. Mathematical Note on Square Law Detection of Heterodyne C.W. Oscilla¬ 

tions.—It is possible to apply the same method of investigation already used in paragraph 18. 
In this case, the total voltage applied to the grid at any instant can be represented by the expression 
^^0 “ V, sin 0 ),^ + V;j sin where and correspond to the amplitude and frequency of the 


heterodyne oscillation. 


On substitution in the formula for it is found that the mean value of the 
cV.2 . cV,2 


current is increased by a steady amount —^ — which docs not, of course, produce a note 


in the telephones. In addition there are radio-frequency terms, which are by-passed by the con¬ 
denser, and a slow variation of the mean value, represented by a term of the form 


c V, V* cos (co, ~ 

^The frequency of this variation of current is therefore the beat frequency, and its amplitude is 
proportional to the rate of change of slope of the curve, and to the product V, V*. When it is at 
\ an audio frequency, this variation affects the telephones. The audible response is there- 
^ fore proportional to the product of the amplitude of the input signal and the amplitude of 
J the heterodyne oscillation. The signal strength increases with increase of the latter up to the 
] point at which the detection process can no longer be regarded as obeying a square law. If the 
■f heterodyne amplitude is increased further, it mly be considered that linear detection replaces 
j square law detection, the A/F signal strength then depending chiefly upon the first power of the 
\ amplitude of the incoming oscillations. There is little advantage in increasing the heterodyne 
amplitude beyond this point, and, in fact, a point may be reached at which the rectified signal strength 
^ain decreases ; the input signals would then be so large that upper anode bend detection partly 
fencels the effects of lower anode bend rectification. 

Since the value of the rectified current is proportional to the product of the amplitude of the 
incoming signal voltage and that of the local oscillation, it is clear that, for small applied signal 
voltages, the sensitivity of the receiver is much greater for heterodyned C.W. than for signals 
modulated at the transmitter. This is one of the chief reasons accounting for the popularity of 
C.W. transmission, and the greater ranges which were obtained by its introduction. 
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It will be observed that the curves of Fig. 22 treat the case in which the amplitude of the local 
oscillation is approximately equal to that of the incoming signal. The foregoing work indicates 
that this is hardly desirable, and, in practice, the heterod 5 me oscillator supplies an input considerably! 
greater than that of the signal. For this reason, practical results tend to approximate more to 
linear detection than to square law. In this connection it is interesting to note that it can be shown 
that square law operation gives distortionless heterodyne detection ; linear law detection produces 
many harmonics of the beat frequency. 

30. Reception of C.W. at H/F. —It is important to note that, when working with H/F signals, 
great constancy of frequency is required at the transmitting end ; a small variation in the LC 
value of the transmitting circuit, with a fixed adjustment of heterodyne at the receiving end, will 
cause a big variation in the note heard in telephones. For this reason, heterodyne reception 
of H/F signals can only be satisfactory if the frequency of the latter is master controlle" 
{cf. K.37). 

31. Comparison between C.W. and Spark. —From the point of view of reception the 
following contrasts may be drawn :— 

(fl) C.W. reception requires the production of a local oscillation, which is unnecessary 
with spark or I.C.W. as they are modulated at the transmitter. 

(6) Spark has the advantage that the transmitting station is defined by its note, or spark 
train frequency; but the fact that the operator can adjust the note to suit his 
ear and to cut out interference, when receiving C.W., more than compensates for 
the loss of a characteristic note inherent in the signal itself. 

(c) Circuits can be made much more selective for the reception of C.W., as any wave 

form which is modulated at the transmitting end may be regarded as being in 
itself the resultant of several C.W. oscillations at different frequencies. The use 
of too selective a circuit with spark reception would reduce signal strength by 
eliminating a lot of the energy in adjacent frequencies. The point will be referred 
to again under radio-telephony. (Also cf. A.l). 

(d) Receiving apparatus, equipped with a heterodyne circuit, can be made more sensitive 

as regards reception of C.W. than when receiving spark. 

32. Design of Heterodyne Oscillators. Further Use of the R/F Component. —As 

pointed out in paragraph 3, and subsequently, the anode current undergoes not only the A/F 
variation which operates the telephones, but also an R/F variation, which is by-passed by the 
telephone condenser, or otherwise passed to earth. 

This R/F component is mainly of the same frequency as that of the incoming wave, but 
contains also higher harmonics. It may be usefully employed by causing it to pass through 
an inductance in the anode circuit, which is coupled to the inductance of the input circuit. A 
radio-frequency oscillatory voltage will then be induced in Lj. It will be shown below, that this 
induced voltage can be arranged to be in phase with the current flowing in the LC circuit, and hence 
represent an Introduction of power into the circuit. If the power introduced is sufficient to 
b^ance the damping losses present in the circuit, an oscillatory current started in the latter will 
not die away, but will be maintained continuously at the same amplitude ; if the power introduced 
is less than the rate at which energy is being wasted in damping losses, the oscillation will not be 
continuous, but will be of greater amplitude than if no anode coupling coil were used. In 
case of a damped wave train it would endure for longer. 

In practice, both of the above conditions may be usefully applied ; the first is used in the design 
of oscillators and heterodyne units, and the second is that used to increase, or prolong, the effects 
of an incoming signal, and is known as regenerative amplification, retroaction, or simply 
reaction. The inductance in the anode circuit is known as the reaction coll. 
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33. Reaction necessary for Self-Oscillation.—^Fig. 23 (a) represents a simple circuit having 
: reaction coil Lg in the anode circuit, the direction of winding of the latter being the same as 
hat of the grid coil Lj {cf. K.4). 
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Suppose an oscillation is set up in the LC circuit at its own natural frequency, so that the 
R.M.S. value of oscillatory current in it is I, in amperes. Energy will be dissipated in the circuit 
at a rate given by PR, in watts, and, with no reaction effect, the oscillation would die away at a 
<,rcite depending on the damping factor R/2Li (Vol. I). 

In this case, however, the oscillatory cunent I sets up an oscillatory voltage across the con¬ 
denser C of value V^-—1 /ojC, in volts, and this voltage leads 90° on the current. 

The vector relations are shown in Fig. 23 (&),the numbers at the ends of the vectors representing 
llie order in which they may conveniently be studied, or the diagram developed. 

Assume the initial oscillatory current of R.M.S. value I begins as soon as the H.T. voltage is 
.switched on when the hlament is alight; this i.s given by vector (1). This current lags about 90“ 
behind the voltage developed between grid and iilament, which is the vector and is the back 
E M.F. developed acro.ss thi^ condcn.ser C. This grid input voltage gives rise to an oscillatory 
anode current I^uf the same frequency which, in practice, is almost in pheisc with it ; for simplicity 
the vector (3) is here shown in phase with V^. The value of the anode current variation is given by 
in amperes, if one a.ssumes that the reaction coil is sii all enough for us to neglect its effect 
on the anode current changes, and therefore to derive the value of the current variations from the 
static characteristic curve. 

Owing to the mutual inductive link between the anode and grid circuits, an E.M.F. will be 
injected into the latter, which wall eitluT lead or lag on by exactly 90°, depending upon the sign 
of the mutual link. Its value is given by wMI„ in volts, and will be in phase or 180° out of phase 
with the current I in the input circuit, according to the direction of the windings of the separate 
coils Lj and Lg, and the way in which they are joined up [cf. Appendix E *'). 

In this case, vector (4) is drawn for the self-oscillatory case, the one in which the Injected 
^olts are either in phase with the current I that was supposed to start the action, or have a large 
Bomponent in phase with it. WTien the anode current supplies energy in phase with the current I, 
^self-supporting oscillatory system is obtained ; a simple vector test or criterion for self-oscillatory 
conditions has thus been developed. 

In symbols, when the injected volts and current I are in phase, this represents an introduction 
of energy into the circuit at the rate of (wMIJI, in watts. But, on account of damping losses, 
energy is being dissipated in the circuit at the rate of I*R, in watts. Therefore the nett loss of 
energy is at the rate of (I®R—I x watts. 
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Now Ig = -^I, and so coMI^ X I = —. Hence the nett rate of loss of energy is 




Mg« 


watts. If this is a positive quantity, i.e., if R > oscillations set up in the LC f 
circuit will die away, but at a slower rate, because the effective resistance of the circuit may be 
considered to be reduced from the value R to the value (k —The energy derived from the 

reaction coil has partially neutralised the damping of the oscillatory circuit. If, however, R i 

the effective resistance of the circuit and the damping factor both become zero, and oscillations 
set up in the circuit are maintained at a constant amplitude. 

Mg 

If R is less than the effective resistance is negative, and oscillations will increase in 

amplitude up to a point where limiting conditions, hitherto neglected, come into play, and prevent 
the increase going on indefinitely. These will be examined in the next paragraph. 

In the latter two cases we have utilised the valve as a medium (or maintaining self-oscillations 
in an oscillatory circuit; in other words, the valve has been acting as a generator of C.W. oscilla* 
tlons. The actual circuit shown is not suitable for high power transmitters, but it is very useful 
for producing the small local oscillations necessary to beat with incoming signal C.W. oscillations, 
and to act as a heterodyne unit. 

The conditions for maintenance or otherwise of oscillations can be stated in a slightly different 

Mg 

form. They depend on the relative values of R and Since it is the closeness of coupling and 

hence the mutual inductance, M, between and which is the adjustable variable, it is usual 
to express the conditions in the form of a comparison between M and the other quantities involved. 
This is easily seen to be as follows :— 

CR 

If M is greater than —, oscillations increase in amplitude. 

Sm 

CR 

If M = —, oscillations are maintained at constant amplitude. 

Sm 

CR 

If M is less than —, oscillations die away, but at a less rapid rate than if no reaction were 
introduced. 


34. Conditions Limiting the Amplitude of Self-Oscillations.—Wlien M> oscillations 

Sm 

increase in amplitude, because the effective resistance of the circuit is negative, i.e., the damping 
I / Mg \ 

factor, 21 ^ negative. The following factors limit the growth in amplitude to a 

definite amount. 


(i) So far we have assumed the slope to be that of the static characteristic. If, however, 

the grid voltage variations increase to large values and give correspondingly large changes in anode 
current, the effect of the reaction coil must be taken into account. The result is that the curve 
which represents the actual anode current plotted against grid voltage is the dynamic character¬ 
istic, instead of the static characteristic. Now the average slope of the dynamic characteristic 
is always less than that of the static, and hence " has a lower value than that hitherto assumec^ 

CR 

and the preponderance of M over— is not so large. This, however, does not account for the ultimate 

Sfii 

cessation of the increase in amplitude, but it describes more correctly the imquality hitherto found. 

(ii) Again, we have not taken into account the fact that large grid voltage variations are 
bound to give a considerable flow of grid current during the time the grid is positive, and so to 
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)roduce an increased damping effect on the oscillatory circuit. In other words, R increases above 
he value hitherto assumed, which was simply taken as the ohmic resistance in the LC circuit. 

(iii) Finally, there is the most important condition from the point of view of limitation, that 
he anode current curve, whether static or dynamic, is not continuous!}" straight, but reaches points, 
)oth at the top and bottom of its straight part, where it flattens out and becomes horizontal. 
Therefore, after the oscillatory grid voltage reaches a certain amplitude, it is incorrect to say that 
he corresponding amplitude of oscillatory anode current is given by the product of the mutual 
:onductance, and the amplitude of grid voltage swing. As soon as the increasing variations 
each either bend, further increase of in that direction is prevented. 

This is shown in Fig. 24, where increasing variations are accompanied by 1^ variations of 
proportionate amount, until the latter are limited bv saturation and zero values We might express 
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Mils tact by saying that, after the amplitude of the grid swing goes beyond the straight portion of 
the characteristic, the ratio of anode current variation to grid voltage variation is given by the slope 
of the line A' B', which is less than g^, the slope of AB. In other words, the slope of A' B' (^.F,4) 

CR 

should be substituted for in the expression—, and, as the amplitude of oscillation increases 
1 

the denominator of this expression will get steadily less, and the value of the expression greater. 

CR 

Hence, although at the beginning of operations the inequality M > — Is true, an ampli¬ 


tude of oscillation is reached sooner or later at which it is no longer an inequality, but an 
equality, and then oscillations will be continuously maintained at this amplitude. The same result 
jHiay be obtained by comparing the damping losses with the power reintroduced into the circuit. 
pThe damping losses are given by PR, and the power introduced by reaction is the product of I 
and the voltage induced in the oscillatory circuit. This voltage is given by wM multiplied by the 
Variation in anode current, which cannot exceed a certain value, and hence, as I increases, the 
power introduced Into the circuit is ultimately proportional to I. The damping losses 
are, however, proportional to P, and therefore increase at a greater rate, until a point 
is reached at which there is a state of equality. 

Hence, if the coupling is greater than the critical value necessary for self-oscillation, oscillations 
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Fig. 25. 


will increase in amplitude until a condition is reached when limitation of the v^ue of oscillatory 
anode current flowing has the effect of making the coupling just sufficient to maintain oscillations 
at this definite amplitude. 's 

35. Reaction Receivers. —^The circuit of Fig. 23, with the addition of telephones across a 
condenser in the anode circuit, and a coupling to a receiving aerial, together with arrangements 
for securing anode or cumulative grid rectification, could be used for the reception of modulated 

incoming signals. For this purpose, the coupling 
of the reaction coil is adjusted to be less than that 
necessary to set up oscillations in the LC circuit, 
so that its effect is to diminish the effective resistance 
present in the circuit, and to give larger amplitudes 
of oscillatory current, and of voltage applied to 
the grid for a given signal voltage induced into the 
circuit from the receiving aerial. The effect is 
shown in Fig. 25, taking, for simplicity, the case of 
a C.W. oscillation. The full curve represents the 
amplitude of the signal without employing regenera¬ 
tive amplification. 

If the coupling is increased too much, a continuous oscillation will be set up, quite irrespective of 
the incoming wave; this spoils the note of an I.C.W. signal, and distorts speech in the case of R/f. 

It should also be noted that the use of reaction, by decreasing the effective damping, increases 
the selectivity of the receiver ; in W/T this may be good, but for R/T it may produce distortion 
(N.1,31). 

Reaction receivers are referred to in greater detail in F.44 and subsequent paragraphs. 

36. Complete Circuit of a Receiver Employing a Separate Heterodyne Oscillator.— 

ITie simple circuit of Fig. 23 (^i) may also be used as a means of generating the local oscillations 

necessary lor heterodyning. In 
this case the coupling must be 
sufficient for self-oscillations to 
be set up. The circuit in which 
the heterodyne oscillation is 
generated must, of course, be 
mistuned from the frequency of 
the incoming signal to the de¬ 
tector valve, so as to give the 
necessary beat note. A com¬ 
plete circuit for the reception of 
C.W., using a detector valve and 
a separate heterodyne unit, 
might be arranged as in Fig. 26. 
The anode coil of the heterodyne 
oscillator is mutually coupled to 
the input inductance of the 
detector. 

37. Autodyne or Auto- 
heterodyne Circuit. —The same 
complete circuit as that used for"^ 
regenerative amphfication, and 
re-drawn below, may be used 
conveniently both to heterodyne 
an incoming continuous wave, 

heterodyne and detector. Md to rectify the TOultMt 

fTja, 26. beats due to the mteraction 
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between the incoming wave $md the 
heterodyne oscillation. 

The necessary conditions in this case 
are that the coupling must be sufficient 
to give self-oscillation, and the LC 
circuit between grid and filament 
must be mistuned from the incoming 
oscillations. The circuit is known as an 
autodyne circuit, and performs the func¬ 
tions of local oscillator and detector. 

i'lG. 27. Action. —Before a signal arrives, the 

valve is maintaining oscillations at a 
frequency determined by the LC value of the oscillatory circuit, and of amplitude limited by 
the conditions of paragraph 34. The presence of the grid leak and condenser, necessary for 
cumulative grid detection, simply means that the giid's steady potential!, about which oscilla¬ 
tions take place, is somewhat negative (See paragraph 19). A steady current is passing tlirough 
the telephones, the radio frequency variations of anode current being by-passed by the condenser. 

An incoming C.W. oscillation will set up induced voltages and currents in the LC circuit, at 
a frequency /g, which differs from by the beat note. It should be noted that the amplitude of 
oscillatory current and resulting voltage between grid and filament at frequency is less than if 
the LC circuit were tuned to resonance with /jj. We have now two high-frequency oscillatory 
voltages applied to the grid at frequenciesand/j, and, being superimposed, their resultant effect 
is a high-frequency oscillation whose amplitude varies at the ‘‘ beat'' frequency,/! — f^- 

This will result in the mean potential of the grid varying at the beat fieqiiency, as in the 
ordinary theory of cumulative grid detection, and hence an audio frequency rise and fall in the mean 
anode, battery and telephone current, giving an audible note in the telephones. 

The best condition of combined heterodyning and detecting, is when the self-oscillation is 
not unduly strong compared with the incoming signal, and this condition may be obtained by 
reducing the reaction, the anode voltage, or the filament current, until a small amplitude of self¬ 
oscillation is just maintained. Both filament cun ent and anode voltage control operate by diminish¬ 
ing slightly the slope of the mutual characteristic (B.26). 

38. Comparison of Autodyne and Separate Heterodyne.—TJie advantages of the auto¬ 
dyne arrangement over the separate heterodyne can be summed up in the statement that it involves 
one circuit instead of two, occupies less space, and needs less adjustment. The disadvantages 
are, however, considerable. 

(а) It is difficult to control effectively the strength of the local oscillation. If local oscillations 
are to be maintained, these will increase until the variations of grid voltage cover a large portion, 
if not all, of the straight part of the (1^, V^) characteristic. With a separate heterodyne, the amplitude 
of the local oscillations introduced into the detector circuit can be adjusted by varying the distance 
apart of the coupling coil of the heterodyne circuit and the inductance in the detector circuit. 

(б) In order to obtain the “ beatnote, the LC circuit in the autodyne receiver must be thrown 
out of resonance with the incoming wave, whose effect is consequently weakened. This loss is 
particularly serious in the case of lower frequencies, as a given frequency difference represents a 
greater percentage of mistuning. For these it is generally best to use a separate heterodyne. 

(c) With an autod)me, it is difi&cult to prevent raefiation of the locally produced oscillation 
from the aerial, which must, from the nature of the circuit, be coupled to the inductance of the 
oscillatory circuit; interference is consequently caused to other receiving sets in the neighbourhood 
working on the same or adjacent frequencies. This difficulty may be overcome to some extent in 
the case of a multi-stage circuit (x.e., amplifiers + detector), by setting into oscillation a tuned 
circuit in the receiver at a later stage, where it is not in close contact with the aerial. 

Similar trouble arises when a receiving set, not intended for C W. reception, generates self- 
osdllations through reaction being pushed too far, or from various factors which are liable to give 
the same effect, and which will be examined in the section on amplifiers. 
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39- Tuning Arrangements of Receiving Circuits. —^With reference to paragraph 2, tte 
foregoing work has been mainly directed towards the study of the detector, and the need for detection 
of E.M. waves. We can now return to consider, in greater detail, the arrangement of the tuned . 
circuits necessary in order to apply the requisite voltages to the detector. 

As previously explained, the main objects of the receiver are to produce sufficient selectivity 
in combination with adequate audibility. In some respects these two requirements are inter¬ 
dependent. 

In regard to audibility, with the help of amplifiers (Section “ F '") it is possible to bring up spy 
signal, however weak, to audible strength ; it is not so important to have an arrangement of receiving 
circuits which will apply the maximum possible voltage to the detector, as to have an arrangement 
which will give satisfactory selectivity combined with an adequate oscillatory input to suit the 
detector in use. 

Selectivity depends on the shape of the response curve of each of the tuned “ stages,"' and also 
on the number of stages. High selectivity means the avoidance of interference from atmospherics, 
or from signals at a frequency different from that which it is desired to receive. The overall 
selectivity of a receiver is a result of the joint action of its various circuits [cf. N.64) ; although a 
receiver may be efficient as regards amplification, it is useless if it is unselective, because the unwanted 
interfering signals are amplified together with the wanted one. 

The position of the tuned circuits, on the design of which selectivity ultimately depends, is not 
a matter governed by hard and fast rules ; quite often it is a matter of policy based on a number of 
considerations. In some cases it will be found that the aerial ciremt is tuned to resonance [cf. Fig. 6 
and Section “ F," Fig. 12), in oilier cases, perhaps more often, it will be found in the imtuned or 
aperiodic condition ; in the latter case, all signals are received indiscriminately, being subsequently 
passed through a buffer or isolating stage, often a screen grid stage, the requisite signals then being 
selected by suitably tuned circuits after the buffer stage. Figs. 29 and 35 in Section “F" arc 
particular cases illustrating this point. 

In employing most of the older service receivers the aerial was tuned ; in many respects it 
appears obviously better to tune the aerial, so that maximum current may be obtained from the 
small input voltages applied by the signal. In these early receivers the tuner was usually a separate 
unit [cf. Section “ F," Fig. 12). 

Untuned aerials offer a number of advantages, among which are the following :— 

[а) In large W/T installations many receivers may be operated from one aerial, provided 

that suitable means are employed to eliniineite interaction between receiver and 
aciial, and between receivers. This matter is sometimes approached by feeding 
different receivers through filters from the same aerial (R.27). 

(б) In H/F work it is found particularly advantageous to use untuned aerials [cf. F.43). 

(c) In the design of commercial broadcast receivers it is usually found better not to tune 
the aerial in order to render the calibration of the receiver as independent as possible 
of the circuit constants of the aerial; with the ordinary domestic broadcast receiver, 
the latter are inclined to vary within wide limits. 


40. Selectivity and Response Curves; “ Q.”— Tn Vol. I it is shown, for the case of a 
series LC circuit, that the ratio of the resonant current to the current at a given percentage 

departure from resonance depends on the value of greater this value becomes,^ 

the sharper is the peak of the resonance or response curve. We have, therefore, 

1 / L (l)L / a ^ \ 

Selectivity . [since = lC/ 

The fraction loL/R has become a popular criterion of selectivity ; it will be noted that it is 
the reciprocal of the " power factor,” R/uL of the coil (^. power factor of condenser). 
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Power factors employed in coils designed for radio work vary within wide limits ; typical 
values for those used in the highly selective wavemeter circuits vary from about 0-0015 for a small 
inductance, to 0-006 for one of the order of l-henry (W.9). In other cases, however, using v^y 
sensitive resonance indicators, adequate frequency discrimination in wavemeter circuits has been 
obtained employing power factors as high as 0-01 and 0-03. 

There is also an older criterion of selectivity based upon the log decrement tuR/wL ; in terms 
of this we have— 


Selectivity cc - - —. 

log. dec. 

In the case of the R/F circuits of the tuner in Fig. 29 of Section ‘‘ F,” the log decienient of the 
coils is about 0-038. The value of S for the note selectoi circuits used in that receiver varies from 
0-05 in the most selective condition, to 0-3 when heavily damped. 

The newest and most convenient method, however, employs the fraction of toL/R, to which the 
symbol '' Q is usually given ; hence, we have 

coil reactance toL 

^ coil H/F resistance R ’ 


In any series LCR circuit, with an applied voltage E, the cm lent 1 at le.^onaiicc is given by 
E/K, and we have 

ljLE 

Voltage across L at lesonance taU — 

(neglecting the resistance of the inductance L). 

The resonant rise in voltage across the inductance, or arioss the condenser, is thus approxi¬ 
mately Q times the applied voltage. For this reason O is sometimes called the coil amplification 
factor ; the bigger Q, the bigger will be the voltage amplification due to resonance, and the stiffer 
will be the tuning of the ciicuit. 

In the Service, the phrase “ stiffly tuned ” implies high selectivity. 

Q (or its reciprocal, the power factor) is a particularly useful qiiantil}^ since its value tends to 
remain constant for the same coil over a wide range of frequencies ; the latter is due to the fact that 
the effective radio frequency resistance of a coil is almost proportional to the fiequency. 

Typical values of Q may be obtained from the typical values of power factors, already quoted ; 
in that case it will be seen that O varies from 33-3 to 666. In receiving circuits more common 
values range from about 100 to (say) 200. 

In the case of the R/F circuit.s of the tuner in Fig. 29 of Section '' F,” the value of 8 already 
quoted gives the figure 83 for Q. Similarly, in the case of the note selector circuits, (j varies from 
63 to 10-4. 

The above considerations emphasise the importance of this factor in determining the shape of 
the resonance curves of the circuits composing a receiver ; it should be rioted, however, that some 
workers prefer to direct attention to the L/R ratio. Whatever criterion is adopted, it is clear that 
the selectivity is inversely proportional to the H/F resistance K. 

Constant selectivity can only be obtained if Q is constant for all of the circuits ; this may not 
be desirable in all cases, and for the purposes of R/T it is shown that permeability tuning (F.20) 
has the advantage of providing selectivity which increases with the frequency, the ratio L/R being 
constant 


41. Tuning the Aerial Circuit. —As indicated above, the selectivity of a receiver is that due 
to its various tuned stage.s, one of which may be the aerial. The subject is a complicated one, and 
further reference is made to it in Section “ R.” 

Considered simply, if the frequency to be received is less than the resonant frequency of the 
aerial, a loading inductance, often called the aerial tuning inductance (A.T.I.), is added in series, 
in order to increase the LC value and make the fundamental frequency of the aerial circuit lower. 
Conversely, if the frequency to be received is greater than the resonant frequency of the aerial, a 
shortening capacity^ often called the '' aerial tuning condenser ” (A.T.C.), is added in series with 
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the aerial capacity (o), in order to decrease the LC value by decreasing the total capacity. Com¬ 
binations of these me^ods may be used, as shown in Fig. 28 (&); w'ith such an arrangement a 
large range of wave frequencies can be covered. 



(a) (M (e) (a) 

Fig, 28. 


For frequencies lower than the resonant one, it is sometimes inconvenient to use more than a 
certain amount of inductance in series ; in this case, the condenser may be joined in parallel with 
the inductance, so that it is, in effect, in parallel with the aerial capacity, as shown in Fig. 28 {a). 
The total capacity is then the sum of the separate capacities. A further method is shown in Fig. 
28 (c), using both a st'rics and a parallel condenser, as well as an inductance. The latter circuit 
has the advantage that the tuning capacity may be made a greater proportion of the whole, thereby 
giving a greater tuning range. In the case of Ing. 28 (a), if the circuit is tuned with a condenser 
of value O-OOOS [jlF, it is possible that there may be a permanent aerial capacity (ty) of similar value 
across the circuit in parallel; in that case the capacity range can only be 2 ; 1, giving a corresponding 
frequency variation of only 0-7 ; 1, insteeid of a more usual 1 : 3 ratio. By means of a double-pole 
2-V'ay switch, arrangements («) and (b) can be produced from the same inductance and condenser, 
as shown in P'ig. 28 (r/). Bractical cases of the latter series-parallel condenser are seen in Section 
“ F Fig. 12, Section “ K " Fig. 21, and elsewhere. 

An alternative way of legarding an aerial, is to consider it as a series LCK circuit, being resonant, 
like an acrej^tor circuit, when the inductive reactance (coL) is equal to the capacitive reactance 
(l/c*)C), The operation of tuning, consists in adjusting these two reactances to equality. For 
frequencies above the resonant one, the inductive reactance exceeds the capacitive reactance, and 
ll.e balance can only be achieved by increasing the latter, an operation which involves making the 
total capacity smaller. For frequencies below the resonant one, the requisite equality can only 
be achieved by increasing the inductive reactance, by inaeasing the inductance. {Cf. R.19.) 

It is useful here to realise that aerial lengtlis are more conveniently measured in terms of the 
wavelength (X) in u.^e, the latter being obtainable from c = /X {cf. R. 15). 

In Section “ R " it is shown that, when working at L/F or M/F, the shape and length of the 
current stafidifig u^ave (R.14) on an aerial adjusted to resonance, corresponds to a quarter wave 
form as conventionally drawn. For this reason these simple aerials are often called “ quarter 
wave aerials,** and the operation of tuning may thus be regarded in yet another light, as an 
adjustment of the length of the aerial to make it electrically equivalent to a X/4 aerial. 

When simple vertical aerials are used at H/F, the length of the aerial may be many times the 
wavelength in use ; many complete standing weaves of current may be on the aerial but, in Service 
cases, the operation of tuning may be regarded as an adjustment of the total length to make the 
whole circuit eleciricaUy equivakfii to an odd number of quarter wavelengths, i.c,, electrically similar 
to the simple quarter \Navelength aerial {cf, R.20). 
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The voltage induced into a receiving aerial by a signal is proportional to the product of the 
field stren^, expressed in microvolts per metre, and the effective height of the aerial {cf, R.29) ; 
for high signal strength, simple aerials should be made comparable with a quarter wavelength in 
height. At L/F and M/F, in most practical cases a receiving aerial is only a fraction of a wavelength 
long. 

The selectivity of a tuned aerial circuit, considered by itself, is usually low. Tliis is mainly 
because an aerial has a relatively large total resistance, some of which is radiation resuianct (R.24); 
this damping resistance decreases the effective Q of the circuit and broadens the tuning. The 
response curve is relatively flat in form. This is one of the reasons why it is often better to use 
the aerial only as a source of energy from which signals may be extracted and applied to circuits in 
which aerial resistance is not present, and where higher values of Q can be obtained. 

When a receiver is attached to an aerial it applies a load to the lattir, in miiny respects similar 
to the action of an external resistance joined across the terminals of a batterv* In that simple 
case it may be shown that maximum power can be applied io the load when the impedance presented 
by the load is adjusted to be equal to the internal resistance of the unit delivering power, the aerial 
in this case {cf. R.35). The parallel is a complete one, and many cases of this impedance matching 
will be found {cf. Section “ F/’ Fig. 38). 

Simple practical cases of tuned aerials are seen in Section F/' Fig. 12, in the stand-by position, 
and also in the stand-by position of Fig. 29 of the same section, when the isolating stage is not being 
used. 


42. Selectivity and Coupled Circuits; Mutual Coupling. —^As the foregoing work has 
shown, the damping of a tuned aerial circuit is always high and its selectivity cannot be very good. 
If it is desired to make a directly coupled aerial as selective as possible, the coupling to the receiver 
should be adjusted so that the latter presents a load to the aerial less than the optimum one, i.c., 
lhat giving maximum power output (paragraph 41). In general, the requisite selectivity is obtained 
l>y passing on the signal to circuits having higher values of “ Q,"' i.e., circuits which are less heavily 
damped. The directly coupled aerial is only used when searching for signals in what is called the 
“ stand-by ’* position; once a signal has been picked up, the circuit is switched into a more 
selective arrangement, known as the “ tune ” position. The latter is oflen jnovided by a tuned 
secondary circuit coupled mutually to the aerial circuit, a simple example having already been 
seen in Fig. 6. 

Instead of the receiver being joined across a portion of the aerial circuit, as in Fig. 29 [ci), it 
may be joined across a separate circuit, which may consist of an inductance only, or, more generally, 
an inductance and capacity, the LC value of which is made to correspimd witli that of the incoming 
wave ; a simple coupled circuit is shown in Fig. 29 (6). 



Fig. 29« 
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The stand-by and tune positions axe dearly shown in Figs. 12 and 29 of Section “ F." 

Oscillatory currents in the aerial set up H/F alternating voltages in the secondary circuit by 
means of the mutual coupling. It should be understood that the secondary circuit behaves as a 
series circuit with respect to such injected voltages. The voltage introduced into the circuit 
can be regarded as that of a small alternator joined in series with the secondary circuit; 
if the secondary is tuned to resonance there will be an alternating current in it, of 
value given by the R.M.S. voltage divided by the ohmic resistance. In the case of Fig. 29 ( 6 ), the 
actual voltage applied to the detector device is the voltage across the secondary condenser consequent 
upon this current flowing. 

E 

If the secondary induced voltage is E, the current is and the voltage applied to the detector 
(V 4 ) is given by— 


E 1 EioL 
~ R ^ taC ~ R 


The voltage applied to the detector, therefore, may be much greater than E, its actual value 
depending upon the Q of the circuit. 

Because of the fact that there are two tuned circuits instead of one, the coupled secondary 
circuit arrangement is the more selective. Forced oscillations, set up in the first circuit, the aerial, 
by incoming waves of non-resonant frequency, produce smaller currents than a resonant wave of 
the same amplitude (field strength), and since the secondary circuit is also tuned to the resonant 
frequency, the voltages they induce in it give currents whose value is still further cut down. If the 
two circuits are equally selective, an unwanted signal the response to which is one-tenth of that of 
the wanted frequency, will be ten times down " in the aerial circuit and “ one hundred times 
down " in the secondary one, since the input to the latter is only one-tenth of that of the wanted 
signal. 

If increa.sed selectivity is required, the number of circuits may be increased, as in Fig. 30; 
usually, one tuned circuit in addition to the aerial circuit is found to be sufficient, and every additional 
circuit means more complicated tuning and greater losses. 

Any extra tuned circuits which 
are introduced between the aerial 



Fig. 30. 



and the detecting device, or between 
the aerial and the R/F amplifier, are 
often regarded in Service sets as a 
separate unit of the complete receiver 
(cf. Section “ F,'' Fig. 29), and is 
usually called the “ tuner/’ Coupled 
circuits are often found having the 
aerial in the untuned or aperiodic 
condition. 

Fig. 31 [a) represents a mutually 
coupled system, and Fig. 31 (&) 

represents its counterpart employing 
an auto-transformer coupling. 

Considered electrically, each of 
these coupled circuits may be regarded 


as a form of R/F transformer couphng. 
Certain particular circuits are treated in F.19, the case of F.19 {d) being approximately that of 
Fig. 31. With suitable design, transformer voltage step-up effects may be produced, and the effect 
of the aerial capacity in controlling the frequency of the circuit, may be appreciably reduced. 


As with all transformers,any load applied to the secondary produces a corresponding reflected 
load in the primary, in this case the aerial circuit. The magnitude of the reflected load is controlled 
by the percentage coupling and the transformer ratio. 
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Fig. 31. 





In view of these considerations, the position of the aerial tapping in Fig. 31 (6) is a matter 
of importance. If T is at the top, the circuit is equivalent to Fig. 28 (a) ; if T is at the bottom of 
the coil, no signals at all will be received. Maximum coupling is obtained with the tap T at the 
top of the coil, and the lower the tap the weaker the signals but the higher the selectivity, since the 
reflected load becomes progressively less. For high selectivity the tap should be low down, but 
for high signal strength it should be higher; in practice, its position is, therefore, a compromise, 
and it is usually fixed. 

It should be noted that Fig. 29 (6) might also be considered to represent an aperiodic aerial 
coupled to a secondary circuit. In that case the aerial condenser is not used to tune the aerial; 
it may be considered as a small condenser, the object of which is to reduce the effective capacity 
f)f the aerial, and to increase the selectivity of the aerial circuit by keeping the load on it small 
(cf. N.63). Such an aerial circuit will have nett capacitive reactance, any decrease in which will 
pjoduce a corresponding increase in the strength of the signals ; the aerial load will increase, and the 
circuit will become less selective. The aerial is most selective when the aerial condenser is small 
and, logically, would be at its best when the capacity of the condenser is zero. That would cor- 
lespond to using a receiver without an aerial, an arrangement which might result in zero signal 
strength. 

43. Percentage Coupling; Selectivity and Strength of Signals. —As shown above, 
selectivity depends not only upon the value of Q for each of the tuned circuits, and on their number, 
but also on the percentage coupling which exists between them, the aerial and the secondary circuit 
^ in these simple cases. 

STRENGTH OF SIGNALS.—Whatever the nature of the coupling, if it is loose the aerial 
is unable to hand over to the secondary circuit much of the energy which it absorbs from the passing 
E.M. Waves, and most of it is dissipated in I^R losses in the aerial, while some is even re-radiated 
into space. 

As the coupling is increased, the secondary circuit takes a greater percentage of energy from 
the primary, its effect being equivalent to a reflected resistance the value of which can be estimated 
by ordinary transformer theory. 

If the coupling is increased beyond a certain optimum point, the increased resistance in the 
aerial circuit, due to the reflected load, cuts down the aerial current to such an extent that the 
power in the secondary will be less than its value for a looser coupling. The case of the over-coupled 
untuned aerial may be investigated by a method similar to that of F.19 [d) or paragraph 336, Vol. I, 
and it may be shown that the coupling for maximum secondary current is obtained when 
= Zi^R 2 /Ri, where M is the mutual inductance, the aerial impedance and Rj the secondary 
lesistance ; a simultaneous condition for optimum coupling is that = X^Zj^/Xj. 

If the primary is tuned, a double frequency effect is set up with tight coupling, and, by the 
theory of forced oscillations and coupled circuits, the circuits will be resonant to two frequencies. 
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one higher and one lower than the actual frequencies to which they are separately tuned. Under 
these conditions, the aerial and secondary circuits form two tuned coupled circuits. If an E.M.F. is im¬ 
pressed on the primary, of frequency equal to that to which the two circuits are tuned, the current in the 
secondary will have a maximum value for a certain critical or optimum coupling, and for tighter 
or looser coupling than this the current will be reduced. In F.19 [e) it is shown that the optimum 
coupling is given by the expression K = l/\/Qi Q 2 - These optimum conditions occur when the 
resistance reflected into the primary from the secondary is equal to the initial primary resistance 
(paragraph 41). 



CUR^C A' BEST COUPUN& fOR 
BTROHGKAT 5IQMAL5 
TOO TIQHT CDUPUNG. 


CURVE b: 
CURVE C: 


LOOSE CDUPLINA. 


SELECTIVITY.—As observed in paragraph 42, audibility and selectivity are interdependent. 
A decrease of coupling below the optimum value increases the selectivity but decreases the strength 
of signals. 

For W/T purposes, it is generally advisable, therefore, to use a coupling which is less than the 
critical value, and so to gain selectivity, since the strength of signals can always be increased by 
amplification. These effects are illustrated in Fig. 32. 

Curve A illustrates what 
happens with critical coupling. 
The selectivity obtainable is illus¬ 
trated by the slope of the curve. 

Curve B shows what happens 
with coupling so tight that, with 
two tuned circuits, a double 
frequency effect is set up. The 
response at resonance is less 
than for curve A, and peak 
values are obtained for fre¬ 
quencies a little higher and a 
little lower than the resonant 
one. The curve is flatter than 
curve A, and therefore the selec¬ 
tivity is less. 

Curve C shows the effect of 
a coupling looser than critical. 
The energy at resonance is less 
than for curve A, but the curve 
non-resonant frequencies, t.e., the 


Fig. 32. 


is stepper and hence very little energy reaches the detector at 
selectivity is better than for critical coupling. 


44. Indirect Capacitive Couplings.—A tuned secondary circuit coupled to the aerial by 
indirect capacitive coupling is illustrated in Fig. 33; it is also shown in another form by Fig. 21 of 
Section “ K," and elsewhere. 

The secondary circuit L^ Cj is coupled to the aerial circuit by the condenser C'. 

C' 

If the capacity in the aerial circuit is C^, the coupling factor (Vol. I) is K = ^ v 

V (L + C J (C + Cg) 

and hence the greater the value of the coupling condenser, the greater is the coupling factor. 

The variation of C' affords a very delicate adjustment of coupling, provided that Lg is 
so screened from that there is no mutual inductance between them. This may be partly 
ensured by placing their axes at right angles to one another, but metallic screening may also be 
necessary. 

A modification of this capacitive coupling designed to produce constant selectivity over a 
frequency band is seen in Fig. 29 of Section** F." 
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45. Band Pass and Mixed Couplings. —For R/T pur¬ 
poses, tuned circuits must not be too selective ; in order to avoid 
“ side band cutting " (N.l, 31) it is usually necessary to pass a 
band of frequencies roughly 16 kc/s. in width. An effect of this 
nature may be obtained by utilising the double frequency effect 
which is always present when two tuned circuits are coupled 
together, using more than optimum coupling. The width of the 
band passed is determined by the frequency separation of the two 
peaks of the response curve; when the coupling is relatively 
loose we have, approximately, 

Peak separation = K/p.(F.19). 

C The band width may therefore be made large or small by 

* simply controlling the coupling fad or K ; two tuned circuits, 

having the requisite values of Q, may be coupled to give a wide 
band pass circuit for R/T purposes, or pass a narrower band 
of frequencies to suit the requirements of a W/T receiver. 

There are many ways in which two tuned circuits may be 
coupled together to make band pass effects ; Fig. 34 repre¬ 
sents four ways of doing it by employing an aperiodic aerial 
and two coupled circuits. Similar effects can also be obtained 
with a timed aerial and secondary circuit. 

Fig. 33. Fig. 34 [a] shows two tuned circuits having a common 

mutual coupling, the aerial being auto-traiisformcr coupled to 
the primary. For broadcast recepti on, the two tuning condensers are usually ganged together. With 
a magnetic coupling of this nature, the peak separation increases with frequency, and therefore 
the selectivity decreases, since a wider band of frequencies is passed. 





Fig. 34. 
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Fig. 34 (6) represents two tuned circuits coupled by a common capacity coupling (C), 
consisting of a relatively large non-inductive condenser; the two tuned circuits each sAare the 
condenser C, but since it is relatively large with respect to the tuning condensers it makes little 
difference to the tuning range. Since the coupling condenser C is common to each circuit, the 
larger the capacity the smaller will be the coupling and the greater the selectivity. Using condenser 
tuning, for a given capacity C, the percentage coupling decreases with frequency, and the selectivity 
increases, a result which is the converse of that given by Fig. 34 (a) 

If inductance tuning were employed, and all condensers remained fixed in value, the per¬ 
centage coupling would be independent of the frequency (cf. Vol. I for the coupling factor). 

Fig. 34 (c) represents two tuned circuits coupled by indirect capacity coupling, sometimes 
called top capacity coupling (of. Fig. 33). In this case C is a very small condenser (say 
O'000005 fxF) ; the greater the value of the capacity the “ tighter ” will be the coupling. With a 
fixed value of C, the percentage coupling increases with frequency, and the selectivity therefore 
decreases, a result which is the converse of Fig. 34 (6). 

Fig. 34 [d) is an example of a “ mixed coupling.” From the above remarks it is clear that 
one could devise a combination of circuits (a) and (6), or (6) and (c), which would exhibit constant 
selectivity over a given frequency range. Fig. 34 (d) represents a combination of {a) and (&) ; 
the increase in magnetic coupling at the high frequency end is off-set by a corresponding decrease 
in the capacitive coupling. Very many examples of mixed couplings have been designed, each 
with the same object in view. They are especially useful and nece.ssary for the reception of R/T. 

A particular practical case of top capacity coupling is seen in Fig. 29 of Section “ F ; arrange¬ 
ments are made to obtain practically constant selectivity over a particular tuning range, by an 
automatic variation of the effective coupling capacity. The latter is achieved by varying the extent 
to which an earthed plate is inserted between the plates of the coupling condenser (F.39). 

46. Selectivity with Combinations of Acceptor and Rejector Circuits. —In some of the 
older receiving outfits used in the Service, attempts were made to obtain the requisite selectivity by 
means of elaborate devices for inci easing the selectivity of the aerial circuit itself. These methods 
are now almost obsolete, but brief reference is made to them, since the circuits illustrate important 
electrical principlc.s wliich might, on occasions, be used in ronnectinn with some other problem. 
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The methods may be classified as follows :— 

(а) Use of acceptor circuits in series. 

(б) Use of rejector circuits in series and parallel. 

Fig. 35 represents three of these circuits. 

Fig. 35 {a) shows two acceptor circuits in series, each being separately tuned to the required 
frequency; in Vol. I it is shown that the combination may be made to give increased stiffness. 

Fig. 35 (6) shows a rejector circuit joined in series with the aerial to bar some particular inter¬ 
fering frequency ; it is known as a wave trap. 

Fig. 35 (c) is known as an acceptor-rejector circuit, and it consists of a rejector circuit shunted 
across an acceptor circuit to act as a by-pass for all interfering frequencies, both circuits being tuned 
to the same LC value. 

47. Receivers and Atmospherics. —“Atmospherics” (F I8) arc a source of interference 
universally experienced. They are the result of electric waves set up in the aether by an electric 
disturbance of some sort, such as flashes of lightning in a thuiiderstonii, and the source of origin 
may be at a great distance from the receiving station. They have very complex wave forms and may 
be directional in nature. 

Various elaborate circuits liave been tried lor retlucing them, but generally without much 
success, as they produce a form of shock interference of no particular frequency, and merely set the 
VLcridl ill oscillation at its own natural frequency. A somewhat similar shock effect is given by 
the now obsolescent damped wave ti fiins produced by spark tiansmitters. 

Receiving aerials which have directional properties, are not so much affected by atmospherics 
provided that the latter anive in a different direction from that of the signal which the aerial is 
adjusted to receive. In P.18, reference is made to a particular device for the elimination of atmo¬ 
spherics. In general, a disturbance of this nature cannot be eliminated merely by selective tuniug, 
and the only way for the operator to deal with it is to over read ” the note of the signal he wishes 
to receive. 

When an aerial is left in an insulated condition, a static charge may sometimes be picked up 
by the aerial and accuniulaled on the aerial coiidensei, eventually breaking down its insulation and 
sparking through it. To prevent accidents of this kind, an “ aerial discliaige coil,” having a very 
high resistance and inductance, is frequently connected across the receiving gear to earth. On ‘ 
account of its high impedance only a minute current, due to the incoming signal, flows through it, 
buL it allows static charges to leak slowly to earth. 

Inductances and condensers are often protected from lightning by joining “safety points'* 
or “ lightning arresters across them. 

48. Assembly of the Receiving Circuit. —This is a highly technical matter for which it is 
difficult to specify fixed rules. 

Ohmic losses in conductors are guarded against by providing good conductive paths wherever 
large currents are present. On account of “ skin effect,” in H/F circuits the conductors should 
have a good surface area. For this reason, stranded wire is used on L/F and M/F, since it presents 
a large area for surface currents. ! 

All insulation must be good, especially where high voltages arc present. High potential points 
ill receivers may often be .spotted by touching particular points with the finger; in such cases! 
signals disappear and a “ plop ” is heard in telephones, | 

All the leads should be as short, direct, and as non-inductivc as possible. ! 

Magnetic or electrostatic inter-action between components is minimised by the “ lay out ” oft 
the components, and by the provision of efficient screening between them ; the problem of screening! 
is treated more fully in Vol. I. f 
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49. The Telephones. —pair of telephones is the device more widely used for makiiig W/T 
signals perceptible to the sense of hearing. Their function is to convert variations of electric 
current into audible signals. 

For maximum power output, the impedance of the telephones at mean speech frequency should 
be equal to the A.C. resistance of the detector valve, or amplifying valve, delivering power to the 
telephones (cf, paragraph 42 and R.35). In the simple case, this means that the telephones must 
be of the t 3 q)e known as high resistance telephones. The requisite impedance matching may, 
however, be achieved by using low resistance telephones and a telephone transformer; by 
ordinary transformer theory, the effect of the latter is to ‘‘ step-up ” the effective resistance of the 
telephones in order to match the output impedance of the valve, or detector device (cf. paragraph 7). 

In construction, a telephone receiver consists essentially of a permanent magnet with two 
pole pieces N and S on which are wound a very large number of turns of fine wire, and a diaphragm. 
The diaphragm is a circular piece of very thin sheet iron, supported all round the edge by the outer 

case or shell of the “ earpiece,"' as close to the faces of 
the pole pieces as possible, without actually touching. 
Fig. 36 shows diagrammatically the arrangement of the 
component parts of a telephone. 

Normally, with no current passing through the coils, 
the permanent magnet exerts a pull on the diaphragm, 
which is therefore slightly bulged inwards, but not 
sufficiently to touch the pole pieces. 

If the current is sent through the coils in such a 
direction that the flux due to the current assists that due 
to the permanent magnet, the pull on the diaphragm will 
be increased ; it will be attracted still closer to the pole 
pieces, taking up a position shown by the dotted line D^. 
If, on the other hand, a current passes through the coil 
ill the op])osite direction, its effect will be in opposition 
to that of the permanent magnet and the pull on the 
diaphragm will be decreased it will recede further from 
the pole pieces than normally, and take up position D^. 
If these movements of the diaphragm are repeated at a 
frequency which corresponds to a note audible to the 
Inunan ear, this note will be heard as a result of the wave motion set up in the air by the diaphragm 
vibration. Such a repetition of the diapliragm movement will occur, if an alternating current of 
suitable frequency is jiassed through the coils, or if a steady current through the coils is either 
increased or deciea.sed at an audible frequency. 

It can be shown that the diaphragm movement is proportional to the number of “ ampere- 
turns in the coils, and to the strength of the permanent magnet. To produce adequate sensitivity 
the ampere-turns must be high ; this implies that the telephone windings must have many turns 
of fine wire to go into the small space of the receiver. In other words, the telephone coils must 
have a ^igh induct ance, in addition to having a high resistan^. In practice we find that each 
earpiece may have a resfsfance as high as 4,000 ohms, or 8,000 olims for the two joined in series. 
High resistance telephones are therefoie also high inductance telephones, the inductance being 
the really necessary featiue which helps to achieve the requisite sensitivity. 

Generally, less sensitivrf0|w inductance, i.e., low resistajice, telephones are used in combination 
with a telephone transformer, the D.C. resistance of the "phones being about 60 ohms per earpiece. 
Assuming a telephone transformer step-down ratio of 5 : 1, a resistance of 120 ohms in the secondary 
circuit becomes 3,000 ohms in the primary; two pairs of telephones in parallel would produce a 
reflected resistance in the primary of 1,500 ohms. From another point of view, the telephone 
receiver may be regarded as a current operated device ; the function of the transformer is to step- 
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down the voltage and step-up the current. The use of low resistance telephones and a telephone 
transformer has the following advantages :— 

(а) There are fewer turns in the windings, which can therefore be more robust and better 

insulated. 

(б) There are lower voltages across the windings, and hence they are less likely to suffer 

from a breakdown of the insulation, owing to dampness or other causes. 

[c) There are no constant current in the telephones, the D.C. component resulting from 

the detection process being eliminated by the transformer coupling. A dis¬ 
advantage of a constant current is that, if the telephones are joined up the wrong 
way round, it will produce a flux in opposition to that of the permanent magnet, 
and demagnetise the latter. 

[d) In the Service, a very important advantage of low resistance telephones is that many 

pairs may be joined in parallel across the secondary of a transformer. In the 
design stage, imp)edance matching is based on the estimated number of pairs of 
telephones to be used ; a slight variation above or below an estimated number will 
not seriously impair the impedance matching arrangements. 

[e) In a ship, with much metal work, it would be dangerous to allow the H.T. for the 

receiver to be connected to the 'phones; a short circuit from the winding to the 
telephone case would put H.T. on the operator's head. 

In general, low resistance telephones produce an economy due to their durability and ow 
initial cost. 

In a telephone of the type described by Fig. 36, the sensitivity cannot be very high, owing 
to the mass inertia of the diaphragm, which is necessarily considerable since it must be 
sufficiently strong to stand up to the pull of the permanent magnet. In an improved design, 
now employed in the Service, sensitivity has been increased by using a very light magnetic 
“ moving element," and arranging the latter to actuate a delicate diaphragm of non-magnetisable 
material approaching the thickness of paper. 
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EXAMINATION QUESTIONS ON RECEPTION OF E.M, WAVES. 


1. What is the action of a crystal detector when used on a receiving set ? Draw a typical character¬ 

istic curve of a crystal. Why is negative grid bias usually necessary with a lower anode 
bend detector ? Give a diagram showing how such a potential is applied. 

2. Describe the action of a crystal detector. How does the response of a crystal detector vary 

with signals of different amplitude ? Why are valves more generally used at the present 
time in preference to crystal detectors ? 

(C. & G. Prelim., 1937.) 

3. Explain the action of a crystal detector. Why is high frequency amplification before detection 

of particular advantage in the reception of weak signals ? 

(C. & G. Prelim., 1936.) 

4. Show how a valve used as a cumulative grid detector may be regarded as a combination of a 

diode detector and a triodc amplifier. Explain why the choice of suitable values for 
grid condenser C and grid leak resistance R is of importance. 

(Wt. Tel. (Q.), 1937.) 

5. A voltage at 100 kc/s. is applied to a cumulative grid detector, in which the effective resistance 

of valve and leak in parallel is 0* 1 megohm. Find what the capacitance of the condenser 
must be in order that the P.D. applied to the grid shall be 90 per cent, of the applied 
voltage. 

(Result: 32-86 [ifiF. I.E.E., 1931.) 

6. A small receiving valve is being used as a cumulative grid rectifier. Wliy will a small positive 

bias for the grid usually be required if the valve has a dull filament, and usually not be 
required if it has a bright filament ? To what fundamental cause do you ascribe this 
difference ? 

(I.E.E., 1929.) 

7. If the current-potential characteristic of any device follows a “ square law,'' show how the 

device may be used for rectification, and find how the signal current depends on the 
incoming voltage. 

(C. & G. Final, 1925.) 

6.—(a) Draw a circuit diagram and explain the action of a triode valve used as a lower anode bend 
detector. 

(6) Comment on the statement :—“ An anode bend detector may be used to give distortionless 
detection of a large modulated signal provided the depth of modulation is not greater 
than 80 per cent." 

(Qual. Lieut. (S.), 1936.) 

9. Describe briefly the various methods of signal rectification available, and compare them from the 
point of view nf :— 

(a) Input power. (&) Rectification law. 

Discuss the problem of the rectification of heterodyned signals. 

(W/T. 1 (Qual.), 1934.) 
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AMPLIFICAIION. 

RECEIVER DESIGN. 

1. The Necessity for Amplification. The Triode as Amplifier.— The essential function 
of a receiver is to produce an audible result from the variations of voltage set up in a circuit coupled 
to the receiving aerial. In cases where the audible effect is inadequate, steps must be taken to 
amplify or increase the effect. 

In general, a signal may be amplified either before or after detection, and from this have arisen 
the terms R/F amplification, and A/F amplification or note magnification. It should be noted 
that the difference between these two kinds of amplification is one of degree and not of principle ; 
in many cases the circuits present a similar appearance. 

The exceptional value of the triode as an amplifier has already been pointed out in Section 
“ B,"' and it has been seen that changes in grid voltage produce a much greater effect on the anode 
current than the same changes in anode voltage. In order to utilise the valve as an amplifier, it 
is essential that these changes in anode current should produce corresponding changes in P.D. 
across an impedance in the anode circuit. If the changes in P.D. across the anode impedance 
are greater than the signal input voltages which produce them, it is clear that amplification 
will have been achieved, and the amplified signals may be applied between grid and fUament of 
a succeeding valve in order to obtain still further- amplification. 

2. Voltage Amplification and Power Amplification. —^A valve is a voltage operated 
device, and in many cases we are concerned with simple voltage amplification. In receivers, 
the R/F amplifying stages consist of valve circuits designed to make the signal oscillatory P.D. 
between grid and filament of the detector valve as large as po.ssible. In some cases, however, 
power amplification (volts x amps.) is also required. Thus in the output stage of a receiver 
the loudness of the audible result depends upon the power developed in the anode impedance of 
the stage. At this stage, therefore, the ultimate aim in reception is to produce the maximum power 
expenditure in the indicating device, and voltage amplification is of subsidiary importance. It 
should not, however, be thought that power amplification is restricted to the A/F output stages 
of receivers. The modern “ transmitter usually consists of a low-power master oscillator circuit, 
capable of delivering a fairly constant frequency signal to an R/F power amplifier interposed 
between the master control circuit and the transmitting aerial. 

The anode impedance must be big in relation to the A.C. resistance of the valve in order that 
small variations in anode current may produce large alterations in P.D. In practice, the external 
impedance must be at least as large as the internal impedance, and generally must be considerably 
larger if full advantage is to be taken of the anode current changes. From this it follows that the 
dynamic characteristics and not the static ones must be used in order to determine the behaviour 
of the valve and its associated circuit. 

3. R/F and A/F Amplifiers. —Both types of amplifier have certain advantages and draw¬ 
backs, which may here be mentioned briefly. 

R/F amplifiers give better results with weak modulated signals in cases where square law 
detectors are used. The value of the rectified current is proportional to the square of the amplitude 
of the applied signal voltage, and if the latter is amplified ten times before detection, the resulting 
rectified current will be increased a hundred times. With an A/F amplifier designed to give equal 
amplification, the rectified current would only be increased ten times. 

Moreover, R/F amplifiers increase the selectivity of a receiver. They usually contain cirouits 
which have to be tuned to the radio frequency being received, and therefore act as additional 
devices to diminish the strength of interfering signals at non-resonant frequencies. Note magnifiers 
are apt to amplify not only the A/F variations of voltage from the detector, but also any A/F changes 
in the voltage supplied to the valves, etc. 

It might seem, from the above, that R/F amphfication should always be used; but serious 
difficulties arise in the design of radio-frequency amplifiers, as compared with note magnifiers. 
The higher the frequency, the more difficult it is to prevent the generation of self-oscillations when 
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these are not wanted) by reason of eneigy being returned through unintentional coupling to the 
input circuit of the amplifier, sufficient to reduce its effective resistance to zero. This effect increases 
also with the amount of amplification, so that the amount of radio-frequency amplification possible 
is limited. If further amplification is desired, it is found convenient to cany out part of the operation 
before rectification, and part after it. 


4, Voltage Amplification Factor. —Before examining the different types of amplifier used 
in practice, we shall investigate more exactly the behaviour of a valve with an impedance in its 
anode external circuit. 

The Voltage Amplification Factor (usually written V.A.F.) of a valve and an associated 
impedance in its anode circuit, is defined as the ratio of output voltage variation across this 
external impedance, to the input voltage variation between grid and filament of the valve. 

The external impedance may be a non-inductive resistance, an inductance or choke, a combina¬ 
tion of these, or a parallel circuit of inductance and capacity. In addition, the anode circuit may 
contain the primary winding of a transformer, the voltage across the secondary of which is taken as 
the output voltage of the system. The effect of these impedances will now be considered. No 
account will be taken of the effect of inter-electrode capacities in the argument. The results 
obtained are thus approximate only, but represent the truth fairly well at low frequencies where 
inter-electrode capacitive reactance is considerably higher than the other impedances in the circuit. 
It should be borne in mind, however, that the instability produced by regeneration through inter¬ 
electrode capacity, and other forms of coupling between stages, is generally the factor that limits 
the amplification in practice. This effect will be considered later. 

(a) Resistance R in the Anode Circuit. —Let us apply an oscillatory voltage variation of 
R.M.S. value V^, between grid and filament of a valve, as shown in Fig. 1. (In the following theory, 
xhe notation V^, I^, etc., is taken as representing the R.M.S. values of oscillatory changes, not the 
steady values about which these take place.) 

As a result, oscillatory variations will take place in the anode current flowing, but we cannot 
state that these are given by !« = gm X V„, where is the slope of the static mutual characteristic. 

The variations in anode current themselves cause variations in the voltage between 
anode and filament. 

Thus, let the steady anode current be and the voltage of the high-tension battery be V^. 
The actual potential difference between anode and filament is then (Vp — IqR). 

Any change in anode current l„ results in a change in anode potential given by V„ = — 

The general formula for the determination of l„, as given in B.37, must therefore be used 
and combined with the last result to give the actual value of I„. Thus, the two equations following 
are both applicable to the circuit of this “ Class A amplifier (paragraph 8) :— 



I. = g«V, + -V, 

V. = -I.R. ■ 

Solving these, we obtain, by substitution for V„ in the first 


equation 
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output voltage . . 

Hence, the voltage amplification factor, which is ^[t^ge * 

I,R gmR gm^a R 

V. 


R +r, 


= m 


R + ^ 


( 2 ) 
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Equation (1) is an expression connecting the anode current variation with the grid voltage variation. 

Instead of the ratio being (its value on the static characteristic derived from a valve test 
board), it is now 

B I 

, Sm_ 

g m R V 

1 +- 


ITie quantity of g'^ is, of course, the slope of the dynamic characteristic with a resistance R 
[11 the anode circuit, the circuit we have taken and the consequent dependence of anode voltage on 
dnode current being similar to that in 15 39. As was stated there, the greater the external resistance 
the less is the slope of the dynamic as compared with the static characteristic. 
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Equation (1) might be also written :— 

L = 


gvfa 

R +r, 


V - 

' R -t- r. 


or. the R.M.S. anode current is that which would be given by a voltage equal to m times the voltage 
applied between grid and filament, if this voltage were applied to a circuit containing the A.C. 
resistance of the valve and the external resistance in series. This simplified method can be extended 
to the calculation of the anode current and the V.A.F. for the other types of external impedanw 
used in amplifiers, the simplified equivalent circuits of which are shown in Fig. 2. Clearly, the 
equation is a form of Ohm’s law adapted to a valve circuit ; in more general form it may be 
written;— 
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Equation (2) shows that the V.AF. is always less than the amplification factor m of the 
valve, with this type of external impedance. 

By increasing the value of the external resistance R relative to the A.C. resistance of th( 
valve, the V.A.F. can be made to approximate closely to w, but this course is attended by difficulties 
in securing adequate voltage on the anode, owing to the heavy IR drop in the resistance. This 
will be referred to later under Resistance-Capacity-Coupled Amplifiers. 

(6) Inductance L In the Anode Circuit Fig. 2 (6).—Using the result given above, that the anode 
current change is equal to that in a simple series circuit, with m times the input voltage applied 
across and the external impedance in series, 

T _ wiV, _ wV, 

“ Z + (<.)L)2’ 

ci)L 

and the current lags behind the voltage by an angle tan“^ —. 

The voltage across the inheritance L is given by 

m . ii>L . Vp 

^ Vr7+“p,)2' 

This is the “ output voltage ” and is the “ input voltage 

mtoL 

Therefore the V.A.F. is 

Here again, by increasing coL, the V.A.F. can be increased almost up to m. 

If the inductance L has a resistance R [Fig. 2 (c)|, which is not negligible, the V.A.F. can 
easily be seen to be 

m VR^+~^r^ 

v(rTo^ + 


(c) Tuned Anode Circuit.—Another form of output impedance is the “ tuned anode,” which 
consists of a tuned circuit of inductance and capacity in parallel in the anode lead Fig. 2 {d). 

At resonance, the impedance of the circuit becomes effectively a pure resistance, given approxi¬ 
mately by L/CR ; the latter becomes an accurate expression if the resistance R is assumed to be 
entirely contained in the inductive arm (Vol. I, paragraph 317). 

We can, therefore, use the formula (2) obtained in part [a) of this paragraph, to give the 
V.A.F, in this case, which is 


V.A.F. 


L 

CR 


= m 





From Vol. I we have Z L/CR = QwL or Q/wC. A large value of Q will make the rejector 
highly selective, by making the effective resistance at resonance relatively very large ; in this way, 
a voltage amplification may be obtained which is very nearly equal to w, the amplification factor 
of the valve. 


For frequencies to which the parallel combination is not resonant, its impedance is much less 
than the value quoted above, so that these frequencies are not amplified to nearly the same extent,^ 
and the circuit introduces, as might be expected, an extra measure of selectivity. 

(rf) Transformer in Anode Circuit.—The mathematical theory of the transformer as an 
output circuit is more involved than in the preceding cases, and will be referred to briefly under 
Transformer Coupling. It may be mentioned now, that a V.A. F.greater than m can be obtained 
with this type of coupling. 
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5. Intervalve Couplings. —Amplifiers are generally classified according to the type of output 
circuit employed, the amplified voltage variations across which are applied between the grid and 
filament of the next valve in the model. If several valves are used for amplifying purposes, before 
or after detection, they are said to be “ in cascade.” In such a case, the amplified variations of 
voRage from the first valve are further amplified by the second, and so on. The Voltage Amplifica¬ 
tion Factor of several valves and their associated circuits, is defined as the ratio of the output 
voltage across the-impedance in the anode circuit of the last valve, to the input voltage across grid 
and filament of the first valve, and is obviously given by the product of the V.A.F.s of eacli vive 
and its external circuit taken separately. 

The types of output circuit or Intervalve Coupling used are the same as those whose V.A.F.s 
are investigated in paxa. 4, and are generally described as follows :— 

(а) Resistance-Capacity. 

(б) Choke-Capacity. 

(c) Tuned Choke-Capacity or Tuned Anode-Capacity. 

(rf) Transformer. 

(e) Tuned Transformer. 

The reason for the addition of the term “capacity" in the description will be made apparent later. 
With any of these, reaction may be applied, if considered necessary, to give further amplification. 
They will now be considered in turn. 

6. Resistance-Capacity Coupling.—^Fig. 3 represents a resistance-capacity coupled amplifier. 
The input voltage causes variations in anode current, which set up variations in voltage across the 
output circuit R^ of greater amplitude. This output voltage has to be applied between grid and 
filament of the second valve, and difficulty arises with regard to the method by which this trans- 
(lerence of voltage is to be achieved. If we join one end of the output resistance in the anode lead 

A)f valve Vj to the grid of valve V^, the other end can be considered connected to the filament 
of valve Va through the H.T. battery, and the radio frequency variations of voltage will be 
impressed between grid and filament of Vg. 

This, however, would mean that the grid of the second valve would have a mean potential 
equivalent to that of the H.T. battery, whereas it should have a mean potential in the neighbourhood 
of that of the filament. 

A condenser, C^, is therefore inserted in the lead joining the output resistance R^ to the grid of 
Vg, to insulate the grid from the steady potential of the high-tension battery. The condenser 
Cj acts as a low impedance to the oscillatory voltage, but is an infinite resistance to the direct 
voltage of the battery. 



RESISTANCE CAPACJTY COUPLING 


Fig. 3. 
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With the condenser inserted, an additional resistance is necessary between grid and fUa- 
ment of Vg, to serve the usual purpose of preventing an accumulation of negative charge on the grid y 
if the latter were left completely insulated, it would in time accumulate such a negative charge on?» 
itself that the anode current of Vg would fall to zero. 


7. Values of Grid Condenser and Leak. —The insulating condenser and leak have values 
which are determined by somewhat similar considerations to those in D.20, where their use in 
detector was investigated. 

In the case of an amplifier, the essential feature of the apparatus is to pass on to the second 
valve a waveform of voltage which is the same as that received by the first valve, so that it is 
necessary to minimise, as much as possible, the t 5 ^ical action of a condenser and leak, which is to 
introduce asymmetry into the waveform, if grid current flows. There is therefore no definite reason 
for having a small value of C^, the grid condenser, as was shown to be advisable for cumulative 
grid detection in D.20, because here we want to prevent variation in the mean potential of the grid. 

On the other hand, the statements of “ D " section, on the value of the grid leak, are very 
relevant to the ca^se of the amplifier. 

The amplified output voltage, which is available between points p and q, in Fig. 4 {a), is 
impressed across a circuit which consists of the condenser C^, and a parallel combination between 
grid and filament of the next valve, made up of the leak resistance the grid-filament capacity 
Cgf of the valve, and the effective resistance of the valve between grid and filament, 



We want the voltage across GF, which is that actually applied between grid and filament, to 
be as laige a fraction of that across pq as possible. Hence, the p)otential fall across Cj should bo 
negligible, or Cj should have a small reactance compared with the parallel circuit GF. This means 
that the capacity of should be large. If the circuit attached to GF consisted only of the matter 
could be simply represented by the vectors of Fig. 4 (&). The larger one makes Cj the smaller will 
be the vector I/coCi; the vector will swing round towards the I vector, and there will be little 
difference in length between it and the vector Ir^. 

Now consider the parallel circuit. The effective resistance, R,,, is usually of the order of a 
megohm, and the reactance of is also high at low frequencies, because of the small value of Cgf. 
The leak, r^, should therefore be of the same order or larger, so that the total effective impedance 
between G and F is not sensibly diminished by a low value of leak. At higher frequencies, thr 
reactance of is the limiting factor. 

The conditions are therefore similar to those in cumulative grid detection, except that there 
is no definite reason for having small. We obtain the general result, that in amplifiers the 
condenser has a larger value than in detectors, while the leak is generally somewhat 
smaller ; this is to allow the accumulated electron charge on the condenser, which cannot entirely 
be avoided unless by grid bias (see paragraph 8), to leak away in a time depending on CR. 
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The only practical limit to the increase in value of is that, if it is made too large, its reactance 
becomes small for stray audio-frequency voltages in the amplifier, and these are passed on sensibly 
undiminished, in the same way as the radio frequency variations. 

The coupling and insulating condensers used in note magnifiers have, of course, to be much 
larger than those used in radio frequency amplifiers. In Service R/P amplifiers the value of R 
ranges from 10® to 10* ohms, that of C varying from 0 -1 jar to 1 jar respectively. In A/F amplifying 
stages R varies from 2x10® ohms to 2 x 10* ohms, the corresponding value for C ranging from 
90 jars to 10 jars. 


8 . oi Negative Grid Bias. Distortionless Class “ A ” Amplification.—If the 

mean grid potential on a valve is such that the oscillatory voltage input gives instantaneous values 
of grid potential corresponding to points on the curved regions of Ihe dynamic mutual characteristic, 
•tpctificaiion takes place (Section “ D The anode current waveform, and therefore the output 
voltage waveform, is not a replica of the input voltage waveform, i.e., distortion has been produced. 
The first requisite for distortionless amplification is, therefore, that the range within which the grid 
voltage varies, owing to an oscillatory input voltage, should be confined to the straight part of the 
characteristic ; this defines what is now usually known as Class “ A amplification {cf. K 11). 

Distortion is also caused if grid current flows during any part of the input voltage cycle, for 
the damping of the input circuit, and hence the oscillatory grid voltage, is thereby caused to vary. 
To prevent this, the grid may be kept at a steady negative potential (bias), large enough to prevent 
the peak grid voltage during the positive half cycle of the input from extending into the region 
where grid current flows. 

If the grid is biased negatively to a point half-way (mid point biasing) between the voltage 
at which grid current starts to flow and the voltage at which the dynamic characteristic curve starts 
bend, the best condition is achieved ; provided the amplitude of the grid swing is less than the 
runount of bias, distortionless amplification wilj then be secured. 

In a multi-valve amplifier, the grid swing increases from valve to valve, so that longer straight 
portions of the mutual characteristic curve on the negative side of zero grid volts are necessary in 
the later stages of amplification, especially in note magnifiers ; this is secured by having valves of 
low amplification factor m, with the inherent disadvantage that the V.A.F. is thereby diminished. 
I his is unimportant in the last stage, where power amplification is required, provided is high. 


9. H.T. Voltage with Resistance Coupling. Resistance-Capacity Coupling ha,s one 
great disadvantage compared with other types of coupling. 

We saw, in paragraph 4, that the V.A.F. is given by , and consequently, by increasing 

R, the V.A.F. can be increased. 


With this type of coupling, however, it is essential to take into consideration the steady 
component of anode current which passes through the external resistance, as well as the oscillatory 
component. 

The mean anode voltage is given by the voltage of the H.T. battery, minus the IpR drop in 
the external resistance, where Ip represents th$ mean volpe of anode current. As R is increased, 
this IpR drop increases, and the voltage on the anode dimmishqSf 

A fairly high anode voltage is necessary if the straight part of the mutual characteristic is to 
Extend over the working region for distortionless amplification, and, even if distortion is accepted, 
it is still the case that the A.C, resistance of the valve increases as the working point approaches the 
lower bend, and so the V.A.F. of the stage is diminished. Hence, both for quality and sensitivity, 
fhe anode voltage should be high. 

In practice, this is achieved by increasing the H.T. voltage, and, as there are practical limits 
lo the extent to which this can be done, it is that th^ value of R is greater than three or 

V 
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four times the value of the A.C. resistaiice of the valve. Taking the typical figure of R = Sr,, the 
V.A.F. = f w. 

10. Numerical Examples on R/C Coupling. — (a) In a resistance-coupled amplifier (on@ 
valve) there is a V.A.F. of 4 with a resistance of 20,000 ohms in the anode lead. With the resistance 
changed to 40,000 ohms, the V.A.F. is 5. Find the mutual conductance g„ of the valve. 


.so that the following equations hold .— 

20,000w 

20,000 -I- r, 

40,000m 
^ ^ 40,000 -f r. 

80,000 -I- 4r, = 20,000m. 
and 200,000 f Sr,, = 40,000m. 

Multiplying the first by 2, we obtain 

160,000 -I- 8r, = 40,000m. 

40,000 - 3r„ = 0. 

. ■ . r, = 13,333-3 ohms. 

Also 80,000 -I 4 (13,333-3) = 20,000m. 

133,333-3 = 20,000m 
. ■. m = 6-7. 

m 6-7 1 

~ ~ 13,333-3 ohms 2,000 ohms 

1 amp. mA 

~ 2,000 volt ~ volt. 


(6) The static mutual characteristic curve of a valve, for V„ == 50 volts, can be represented 
as a sliaight line from zero value of !„ at V, = — 1 volt to a value of I„ = 1mA at V, = -|- 3 volts 
before becoming horizontal. 

The amplification factor (m) of the valve is 8, and grid current starts flowing as soon as V, is 
po.sitivc. 


I'he valve is to be used in a resistance coupled amplifier, giving a V.A.F. = 6. Find the voltage 
of the H.T. battery, if it is desired to obtain distortionless amplification with an oscillatory grid 
voltage of amplitude 2 volts and a mean current of 0-5 mA flowing through the valve. 

The first step is to find the external resistance, and hence the voltage drop across it. 


V.A.F. 


mR 

“ R + r. 


. • . 6 = 


8R 

R-l-r.’ 


1mA 1 amp.. 
4 volt 4,00 0 volt 


r, = = 8 X 4,000 = 32,000 H. 

gm amp. 

6R + 6 X 32,000 = 8R, 

2R = 6 X 32,000, 

. • . R = 96,000 n 

Voltage drop in R = 96,000 X 0'5mA « 48 volts. 



Section " F." 


10-12 


The steady grid voltage corre¬ 
sponding to an anode current of 
0-5mA must be —2*0 volts to pre¬ 
vent grid current flowing. On the 
given characteristic, 0 ■ 5mA corre¬ 
sponds to f 1 grid volt, so the 
characteristic has to be shifted to 
the left thiough three grid volts. 
As we are dealing with static charac¬ 
teristics, this corresponds to an 
increase ot 3m -- 24 volts on the 
anode. The anode voltage required is, 
therefore, 50 + 24 == 74 volts, and 
the H.T voltage required is 
74 + 48 -- 122 volts. 

A portion of the dynamic charac¬ 
teristic is indicated in the figure. 

11. Resistance-Capacity Amplifiers. General Remarks.—Resistance-capacity coupling 
IS often used in A/F amplifying stages, but is less frequently employed in R/F amplifiers. The 
amplifier as used in A/F work is essentially the same as that used for R/F work, the main difference 
being that the coupling condenser must be largei (paragraph 7) ; it possesses the great advantage 
that it gives equal amplification over the full range foi which the ampliJicr is designed, the V.A.F. 
being independent of the frequency. It is for the latter reason that this coupling finds application 
in high fidelity A/F amplifying stages (Appendix A.8) ; we shall see that some other types of coupling 
give varying results in this respect. 

^ No tuning is necessary to give best results, but if used in R/F amplifying stages, the absence 
tu" tuned circuits means, however, that no further selectivity is introduced in the receiving model by 
its use. There is the further disadvantage that higher anode voltages than usual arc necessary 
to compensate for the voltage drop in the external ciicuit. This is avoided in all other types of 
amplifier coupling. 

Resistance-capacity amplifiers are unsuitable for high radio-frequencies, since the resistances 
used have self-capacities in parallel with themselves, the value of the shunt impedance which they 
piuvide being lower the higher the frequency. Moreover, the anode-filament capacity of the valve, 
and the grid-filament capacity of the succeeding valve, together form a low impedance in parallel 
witli the resistance ; the effective value of the external impedance becomes lower the higher the 
frequency, and a smaller V.A.F. is obtained. These shunt impedances constitute a factor limiting 

value of the resistance-capacity amplifier mainly to A/F stages ; the effective impedance at 
^,000 kc/s. is often as low as 4,000 ohms. Several artifices have been tried in order to keep the 
external impedance at a high value as the frequency is raised ; one of these consists in including a 
small inductance in series with the resistance. 

The most serious argument against the use of this coupling in K/F stages is provided by the 
results of Miller effect (N.29). The anode circuit has mainly capacitive reactance, and, acting 
through the anode-grid inter-electrode capacity, constitutes a load damping the input circuit; 
this has an adverse effect on the selectivity. 

From the foregoing account it will be appreciated that the oscillatory variations of anode 
current and voltage are superimposed upon their steady pre-signal values ; under certain con¬ 
ations, therefore, the anode oscillatory voltage could vary from zero to twice its pre-signal value, 
given by Vq — IqR (paragraph 4, and cf. Fig. 4 of K.6). 

12. Choke-Capacity Coupling' —Fig. 6 represents a choke-capacity coupled amplifier. 

The general arrangements of the circuit are similar to those for resistance-capacity coupling. 

1 he amplified voltage variations across the output circuit (in this case the inductance L^) are applied 
between grid and filament of the next valve and so on. 

E 2 


t 



Fig. 5. 
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For the same reason, the insulation 
of the grid valve Vj from the direct 
voltage of the H.T. battery, a coupling 
and insulating condenser Cj is inserted ; 
this makes it necessary to complete 
the circuit from grid to filament by a 
leak resistance R, to prevent an accu¬ 
mulation of negative charge on the 
grid. 

The grid may, of course, be biased 
negatively so as to ensure that there 
is no flow of grid current even when the 
oscillatory potential between grid and 
filament has its maximum positr :»• 
value. 

The values of the condenser and 


P leak are determined by considerations 

similar to those for resistance coupling. 

It is unnecessary to have a much higher voltage in the H.T. battery than is actually 
required between anode and filament, because the resistance of the choke may be considered 
small, and hence the IR drop across it due to the steady component of anode current is small. 

This is in no way contradictory to the statement that the react ance of the choke to the 
oscillatory component of anode current may be very large. 


13. V.A.F. with Choke-Capacity Coupling.—We saw in paragraph 4 that the V.A.F. is 
given by :— 

wcoL 

V.A.F. = —=== 


By increasing the value of wL/' wc* can make the V.A.F. approximate closely to without the 
previous difficulty as regards H.T. supply. 

The following conclusions can be drawn from the formula :— 

(1) The chokes used in note magnifiers must be very much larger than those used in radio- 
frequency amplifiers, to give corresponding values of amplification. In practice, in note magnifiers, 
iron-cored chokes are used, whose inductance is of the order of henries. 

For example, with an audio-frequency of 500, w is about 3,000, and a choke of about 20 henries 
would be necessary to give a reactance of 60,000 ohms. 

(2) For equal values of external reactance and resistance the choke amplifier gives better 
amplification than the resistance amplifier. 

If we write R = caL ~ x X r^, the V.A.F. for the choke amplifier may be written in the form 

fnx ^ ^ ^ mx 

3.nd for the resistance amplifier in the form i—;— 

\ ^ \ X 

\i X = 1, the first result is — O'71 m, and the second ^ = 0-5 m. 

If » = 3, the first result is = 0*95 w, and the second = 0-75 w. 


(3) The amplification secured from a given choke varies with the frequency amplified. 
—This is a great disadvantage with this type of amplifier, and the unequal results achieved are 
made even more pronounced by the possibility that the inductance may form a resonant parallel 
circuit with the inherent self-capacity of the coil, and give exceptionally good amplification for 
one particular frequency as compared with all others. This point is discussed in the next paragraph. 
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14. Peaky Amplification. —If the self-capacity, as above, combines with the inductance to 
lorm a resonant parallel circuit for one particular frequency included in the range of the amplifier, 
is no longer correct to assume that the reactance of the choke is wL. Actually the impedance 

of the circuit now becomes a pure resistance, whose effective value is given by where R is the 
ohmic resistance of the coil. 

If R is low, as is generally the case, this value is probably very much greater than the value of 
iiiL," calculated for other frequencies, within the range of the amplifier, lower than and con¬ 
siderably removed from the resonant case. This results in specially good amplification at the 
particular resonant frequency. This effect is known as ‘‘ Peak Effect and is an undesirable 
feature in an amplifier. 

Generally, therefore, steps are taken to destroy the peak effect, or to utilise it by arranging 
^or it to occur at some desired frequency. 

It may effectively be avoided by winding the choke with high-rcsistance wire, which reduces 
its impedance at resonance, and, in addition, tends to equalise the amplification at non-rcsonant 
frequencies, because of the introduction of a resistance term into the expression for V.A.F. 

The full expression (paragraph 4) for the V.A.F. is 

V.A.F. = m - = - 

^ (K -t 

If R is comparable with <i)L, the variation in V.A F. for different values of co is not nearly so 
great. 

It is better, however, to try to take advantage of the peak effect for different frequencies, 
and this can be done in two ways. Obviously, it is necessary to secure the resonant parallel circuit 
fundi tion. 

[a) The inductance may be large enough, in combination with its total self-capacity, to be 
resonant to a wave-lcnglh longer than, or a frequency smaller than, the limiting value for which 
the amplifier is designed. 

If the inductance is then provided with several tapping points, it is possible to get a rough 
iipproximation to resonance at any desired frequency using a portion of the inductance and the 
corresponding self-capacity 

(b) The inductance may be so small that, in combination with its total self-capacity, the 
lesultant LC value is less than that necessary for resonance at any of the frequencies passing through 
the amplifier. If, in this case, we join an artificial condenser across the inductance, whose value 
can be varied, it will be possible to make the parallel circuit exactly resonant to any desired frequency, 
Ihc condenser capacity being in parallel and therefore additive to the self-capacity of the choke. 

This method of coupling is known as Tuned-Choke or Tuned-Anode Coupling, and will be 
j discussed in the following paragraph. 


15. Tuned-Anode Coupling. —Fig. 7 represents an intervalve coupling in which the addition 
uf the condenser across the anode choke makes it possible for the circuit Lj C 2 to be tuned to 
resonance at any desired frequency. 


If the ohmic resistance of the circuit is R, its effective resistance is 
fi'ge indeed. 

The V.A.F. is therefore (paragraph 4) equal to 


hi 

CiR 


, which may be very 
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The advantages of this t 3 rpe of output circuit are ;— 

(1) By increasing the stifiness of the circuit, t.c., by having a large value of L on a small value 
of C, and by using low resistance wire, the V.A.F. can be made very nearly equal to m. In practice, 
a limit is set to the decrease of C, because it consists partly of the unavoidable self-capacity of the 
choke, and the inter-electrode capacities of the valve, in parallel with the artificial condenser provided 
for tuning purposes. Further, the design of a tuned anode stage is ruled more by considerations of 
stability and selectivity than of the maximum possible amplification. 

(2) At the same time, the circuit is 
free from the disadvantage attendant on 
pure resistance coupling as regards H.T. 
supply, because the steady component of 
anode current flows through the inductive 
arm of the parallel circuit, whose ohmic 
resistance is small, and hence there is no 
big IR drop to be compensated for by extra 
high-tension voltage. 

(3) A high measure of selectivity is 
achieved. 

For interfering frequencies, to which 
the circuit is definitely mistuned, the im¬ 
pedance of the circuit becomes, instead of a 
high resistance, a reactance (inductive or 
capacitive) of considerably less value. If 
the interfering frequency is less than the 
resonant frequency, the reactance is inductive; if greater, it is capacitive. The further the 
interfering frequency is from resonance, the less is the value of the reactance. A very high 
measure of amplification is thus obtained over a narrow band of frequencies in the vicinity of 
resonance. 

With several stages of amplification of this type, the selectivity can be increased to a very 
great degree. 

The disadvantages of this type of coupling are :— 

(1) To ensure the marked selectivity mentioned above, various tuned circuits have to be adjusted 
accurately to the incoming frequency, which means longer time spent in adjustment and difficulty 
in moving from one frequency to another. 

(2) The tuned circuits involved in this type of amplifier make it very difficult to prevent the 
generation of self-oscillations. 

This subject is treated further in paragraph 34. 

Tuned-Choke Capacity Coupling used in note magnifiers is similar to that in radio frequency 
amplifiers, except that the values of inductance and capacity are much larger, so that the circuit 
may be resonant to audio-frequencies. Coupling condensers are necessary, as before, their values 
being much higher for note magnifiers than for radio frequency amplifiers. 

16. Numerical Examples on Choke and Tuned-Anode Coupling. 

Example (a) 

Find the V.A.F. of a choke amplifier wound with high resistance wire, L = 7,500 mics., 
R = 20,000 ohms. 

The valve has = 16,000 ohms, andm = 10. The applied frequency is such that ci = 2 X 10*. 

With the above data, find also the R.M.S. value of I. in micro-amperes, when a voltage of 
O' 1 volt (R.M.S ) is applied between grid and filament. 
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V.A.F. = m 


•y/R* + (t»>L)* 


, 7,500 

(i)L = X 2 X 10® = 15,000 ohms. 

V A F ^ in ^(20.000) =^ + ( i siOPoT ^ _ V20^ + 15^ 

\/(36,000)* + (15,000)2 v/36* + 15* 

10 X 25 250 „ . 


('0 ^ _10 X 0-1 _ 

“ “ V('ir + rj* + (liiL)-* ~ v/(3^oo6p +7r5;ooo)'» 

_ 10 "_ 10 " 

“ \/(36^d)^+Tl'^000)'" ^ “ 39,000 

= 25«64(iA. 

Example (b). 

In a timed-anode amplifier the coil has L = 360 mics., and its resistance is 6 olims, C being 
0-5 jar. 

A A signal voltage of 0-15 volt at resonant frequency is applied to the grid of the valve, which has 

fftPk. 

m = 8 and gm — 0-4 Ten per cent, of the stepped-up voltage is lost in the coupling condenser 

to the next valve. What is the voltage available between grid and filament of the next valve? 


L 10® ^ 360 X 9 X 10® , 

oi “ “0^ °'™" " “■3 “x'T0'' “ “ 

9’x 10* ^ ® 


m 

~ r ^ 

0771 


20,000 ohms. 


T. A TT 1 I08,000_ 6 X 108 _ . 

V.A.F. — 8 X iQg 000 f 20,000 128 ^ 


voltage applied to the next valve is 


f (^6-75 X 0 -15 X -jpj volts = 0 91 volt. 

^he selectivity of the tuned anode amplifier can be illustrated numerically. 

3 X 10^, 

The resonant frequency of the circuit above is very nearly equal kc/s. 

3 X 10® 

Substituting for L and C,/= kc/s. 

= 356 kc/s. 
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Let us find the impedance of the circuit for incoming frequencies of 100 kc/s. and 500 kc/s. respectively. 

In the former case, the frequency is so much below the resonant frequency that the impedan,^' 
will be sensibly the reactance of the inductance alone. 

360 

toL = 271 X 100 X 1,000 X 77 ^ = 727r = 226 ohms. 


1 


9 X 10* 


9,000 


= 2,645 ohms. 


loC 27t X 100 X 1,000 0-5 

The parallel combination (neglecting resistance) gives a make-up current I = 

CdL 


~ iiiC) and 


therefore a reactance of 


1 — u*LC 


At 100 kc/s, this reactance =- 22 ^ ~ ohms, practically that of the inductance alone. 

* “2,045 

This reactance is so low compared with the impedance of the valve that no amplification is 
secured. 

In the same way, with a frequency considerably above that of resonance, the reactance of the 
paiallel circuit is effectively that of the capacity. 

For a frequency of 500 kc/s, ^ = 569 ohms, again so low that no amplification is achieved. 


17. Transformer Coupling and Tuned Transformer Coupling.—Fig. B shows a type of 
intervalve coupling in which the primary of a transformer is included in the anode circuit of the 
first valve, and the voltage variations induced across the secondary are applied to the grid of the 
next valve. 


1-H.T 


IN^UT 


The essential difference between 
the transformer circuit and those pre¬ 
viously dealt with, is that no coupling 
and insulating condenser and grid leak 
are necessary, because there is no direct 
connection from the anode of one valve 
to the grid of the next valve. 

If a condenser and leak are found 
in the secondary circuit of a transformer 
coupling, it is a definite indication that 
the next valve is a detector valve, using 
cumulative grid detection. 

Now, in the transformer, as in the 
case of choke coupling, there are self¬ 
capacities between the turns of the 
primary and also of the secondary, and similar results, as regards ‘‘ peaky amplification, may bp? 
expected. 

The same steps can be taken either to eliminate the peak effect, or to utilise the exceptionally 
good amplification it gives by tuning either the primary or secondary inductances, or both, so that 
they form resonant circuits to the received frequency. 

Thus, to avoid peak effect, resonance effects may be annulled by winding the transformers 
with high-resistance wire. 





Section " F/' 


17-1# 


To utilise the peak effect, either 

(a) the primary or secondary windings, or both, may be provided with several tapping 
points, so that the inductance included in the circuit, together with its self-capacity, 
may form a roughly tuned circuit to the frequency being amplified ; or 

(fc) a variable condenser may be joined across either, or both, windings of the transformer. 

With several transformer couplings 
in the model, these modifications make 
tuning a slow process, unless it can be 
arranged for one handle to adjust the 
condensers, or the tappings, simul¬ 
taneously. 

Selectivity is, of course, greatly 
increased. 

It should be noted that the above 
remarks, and Fig. 9 in particular, apply 
specifically to R/F transformer coupling ; 
in that case, it is easy to arrange for the 
requisite ^^mall values of coupling factor 
K to produce overall response curves 
having a single peak [r/. paragraph 19 
(^)]. J3y the ordinary theory of coupled 
tuned circuits, over-coupling produces a double-hump effect which may be utilised when band-pass 
features are desirable. 

The more tightly coupled A/F transformer can seldom employ tuned circuits, but in certain 
Cases of " note selectors a tuned secondary is employed (cf, paragraph 39). 

18. Transformer Step-up, and Construction.—The transformers used in radio-frequency 
amplifiers and those used in note magnifiers differ in certain respects. 

In note magnifiers, the transformers are wound on an iron core, which gives the result that 
the magnetic leakage is negligible, or the coupling is approximately perfect (100 per cent.). 

In addition, the ratio of secondary to primary turns may be as much as 5 to 1, or 7 to 1, giving 
a bigger voltage variation across the secondary than the primary circuit, and hence a high voltage 
amplification factor. 

In radio-frequency amplifiers, the transformers are wound on a former of insulating 
nidterial, with as little self-capacity between turns as possible. This incurs the disadvantage that 
there is considerable leakage, and the coupling is very much looser than if iron were used. The 
usual iron core would be unsuitable, on account of the excessive eddy current and hysteresis losses 
which would occur at the high frequencies involved ; it is, however, possible to achieve satisfactory 
results using the new powdered iron-cores which have been developed, and are frequently used in 
conjunction with permeability tuning (paragraph 20). 

In general, it is found that very little advantage is gained by increasing the number of secondary 
turns above the number of primary turns, owing to the effects which arise due to the self-capacities 
of the coils and the valve inter-electrode capacities. 

V ★19. Transformer Coupling Theory.—The theory of the V.A.F. obtainable with transformer coupling 
complicated, and only an introduction to it will be given here. It should further be noted that the type of 
amplification required depends on whether it is intended for W/T or R/T signals ; for W/T signals amplification 
desired at particular frequencies, but for R/T the essential requirement is uniform amplification over a band of 
fj^quencies {cf. N.32. 63). Most of the remarks below apply to W/T reception only. 

In simple transformer theory (Vol. I) it has been seen that the performance depends very much on a number 
faettm, among which are the nature of the secondary load, the degr ee of coupling, and the relative value of 

inductive reactance of the primary with reference to the reflecrted secondary Impedance. 
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Certain special cases are here briefly discussed. 

(a) A/F TRANSFORMER COUPLING, —We will assume an ideal case, in which the leakage resistance 
and reactance are zero, the coupling factor being 100 per cent. 

If the grid is separately biased so that no grid current flows, the secondary circuit is closed in the inter- 
electrode capacity ; if grid current is flowing, the secondary circuit is closed by a resistance which decreases in 
value as the grid of the valve is made more positive to the filament. It is generally assumed that, even with a 
large negative bias, the effective slope resistance between grid and filament, which we may call Rg, is never 
infinite, and has, in fact, a value of the ordei of 1 to 10 megohms. 

In the general treatment of transformer theory outlined in Vol. I, paragraph 348 (b), it is shown that the 
reflected load impedance could be regarded as acting in parallel with the primary inductance of the transformer. 
For that reason Fig. 10 (6) represents the valve equivalent circuit, where the secondary load is a pure non- 
inductive resistance Rg, the grid-filament effective resistance of the next valve. 


L, 



(«) (W 

Tig. 10. 


If (i> Lj 1 b large and considerably greater than Rf/T", the magnetising currcMit approaches zero and the 
effective impedance between the points XY is largely controlled by the value of Rg/T*, and the circuit may be 
simplified by oliiniiiating the inductive arm Lj. In that ca.se, as in paragraph 4, the anode current variation is 
the same as if " m " times the input voltage were applied across a circuit consisting of and Rg/T* in series, i.t\, 

mV, 


I- - 


ra -h 


'12 


K, 


The voltage variation across ;|; 2 , in the primary circuit, is given by -- 


Aa-pz -- 


m 

+ "Xi 


The output voltage across the secondary is T times this, and is therefore 

Ke 


V'g = output volts “ 


”»Y ■ 


' ’pa 


ra 


output volts 
input volts 


If is written a, this is equivalent to 

ra T* -I- a 


T -pi 


The V.A.F. therefore varies directly as m, as might be expected, and also depends in a complex manner on T and 

a. 

It increases with an increase in " a,” and hence it is desirable to make the grid-filament slope resistance of 
the next valve as high as possible by biasing the grid. Theoretically, the V.A.F. approaches the limiting value 
mT as " a ” approaches infinity. Alternatively, the case of the secondary on open circuit may be considered 
as shown, later, bdow. 
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As regards the dependence of the V.A.F. on T, it is easy to prove that, with *n and a constant, the above 
expression has a maximum value when T =^a, and the V.A.F. then = ^ The values of U, and r, 

ifc . 2 2 

lound in practice, and the resulting ratio a are such that greatest amplification occurs when T is not more than 
5 or 6, and so furnish a theoretical reason for the statements of paragraph 18. This formula only apphes for 
low frequencies. [Cf. (/) below.] 

The practical audio-frequency transformers differs from the ideal case so far considered. We may still 
Assume that the leakage reactance and resistance are negligible, but the magnetising current can only be small 
Lf the no-load reactance of the primary is very large. This means that the simple circuit assumed above 
should be modified by having the primary reactance in parallel with K^/T^^. 

rile effect of this is to diminish the V.A.F, below the value originally obtained, although the difference is 
not great if the reactance is large compared with R^/T*. The only limit to this is imposed by the fact that a 
large primary requires an even larger secondary, and beyond a certain value the leakage losses and the self 
L:i])acities of the windings would result in a decrease in amplification. 

In all cases we have 


V.A.F. 



where Zxy and represent the impedances between those 


j)units respectively. 

Case “ f ” (below) illustrates the procedure in a case where it is necessary to take into account the value of 
tlip primary inductance. 

If the secondary Is on open circuit, the aecniidary resistance may be regarded as infinite, and the reflected 
load Rg/T^ will be infinite too. In that case the effective impedance between points X and Y is that of the primary 
of the transformer only. 

If the latter has a resistance R^ it is easy to see that the V.A.F. will be given by the expression— 


V.A.F. 


ViK, + r.)‘ + W 


mT. 


In many practical cases the resistance of the primary Rj may be neglected in comparison with co" and 
The above case is one very commonly occurring in practice. Neglecting Rj, and keeping the frequency 
cniistant, it can be seen that the V.A.F. will approach the value mT as api)roaches infinity. When CdL^=ra, 
^Ihe V.A.F. will be given by 

mT 70 

V.A.F. = ^ = 0-707 mT = mT. 


For given values of and Va, as the frequency increases wlyj becomes greater in comparison with ra and the 
\' A.F. approaches the maximum value mT. As the frequency decreases the V.A.F. also drops, becoming about 
7i) per cent, of its value at high audio-frequencies, at a frequency obtained from wLj = ra. Thus, if r* = 15,000ft 
ami Li = 50 henries, we have 

/ = rfl/27uLi = 15,000/27^50 = 49-5 cycles. 

The value of is the value when there is no steady polarising current flowing in the winding. The presence 
of a steady current tends to decrease the value of Lj (Vol. I), an effect which is countered by the adoption of 
“ parafeeding ” {cf. No. 49) ; this diverts the steady current through another path. 

In the RADIO-FREQUENCY AMPLIFIER with transformer coupling, there is a considerable leakage 
bfCriuse an iron core cannot, in general, be used, and hence it cannot be assumed that the voltage across the 
-"Londary is T times that across the primary. 

(b) UNTUNED R/F TRANSFORMER COUPLING (Fig. 8).—If we a.ssume, for purposes of 
simplification, that the resistance between grid and filament of the next valve is infinite, but take into account 
the inductance of the primary, the current variation la in the anode circuit is given by 


. mVg _ 


The vdtage induced across the secondary circuit is caMIa, and if we write M = K\/Li Lj, where K is the 
coupling factor, the secondary voltage is given by 

_ * Vr7T(uLi)2 

hi. 

... • v'r.>4- (oL.)!! 

If all the quantities with the exception of are kept constant [i.e., L, is arbitrarily fixed), and this expression 
differentiated with respect to Lj, the maximum value of the V.A.F. is found to occur when uLj With 
this condition we have. 


anrl V A 17 — 


nKy/l^ 



V.A.F. 
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(e) R/P TRANSFORMER COUPLING, WITH A TUNED PRIMARY,—From the above it would 
appear that the best value of V.A,F. is obtained when Lj is small. If, however, Lj is small, it become necessary to 
employ some artihce to increase the efiective value of the impedance external to the valve. This is most con¬ 
veniently done by adding a variable condenser in parallel with Lj and arranging that this parallel circuit may, 
always be tuned to resonance. We may then regard the effective resistance of the circuit Li/CiR| as being so 
much greater than the A.C. resistance of the valve that the whole of the voltage mVg is applied across it. The 
oscillatory current flowing in Lj is then given by mVg/uiLi, and the voltage across the secondary is given by 

tdM times the value of this current. _ 

\r' __ _ mM _ twK\/LiL, 

As in the case of (&), the value of is assumed to be infinite. 


Hence, the V.A.F. — mK 




To give a large V.A.F., should be made small; there are, however, limits to this, because the smaller. 
Lx is made the smaller becomes the effective resistance Lj/C^Ri, and hence cannot be neglected by comparison, 
as was done above. 

Alternatively, we might increase Lj, but, by so doing, its distributed self-capacity might be such as practically 
to short-circuit the grid-filament of the next valve, and reduce the V.A.F. very much. The effect of this self¬ 
capacity has been neglected in the above simplifled discussion, but it is obviously of importance, especially at 
high frequencies. 

As mentioned before, it is usually found best to make Lx=Li in these radio-frequency transformer amplifiers, 
and avoid trying to increase amplification by transformer step-up effects. 

(d) R/F TRANSFORMER COUPLING, WITH A TUNED SECONDARY (cf. Fig. 12). By the simple 
coupled circuit theory of Vol. 1, it has been shown that the total resistance and reactance in the primary of such 
a circuit is given by 

R = R, +-^ 


X =• X, - 


u® M* X, 
Z,» 


and 


Since the secondary is tuned, we may put Zg = K, and = 0 ; moreover, we may neglect the effect of the 
inductance and resistance of the primary in comparison with r* and the “ reflected load " from the secondary. 


Hence we write 


w* M2 

R. 


This gives 

Primary current ^ Ij — 


mV. 


rm -|- 




R. 


Induced secondary voltage — uMIj 

wMIi 

R, 

Volts across secondary — V^ — uL* I, 


Secondary current = 


L>Lv 


cdM 


mV. 


V.A.F. - = 






If all quantities with the exception of M are kept constant, by differentiation it can be shown that the 
maximuni value of y.A.F. will occur when = Rgr^ ; this defines the condition for " optimum coupling." 

With that coiulition we have— 


V.A.F. 


and M = K\/LiL. 


u^nML| 
mL- 


mL, 

“iZM 


V.A.F = = — \/^ 

2KVLiL, 2K ^ Lx 


This also gives the value of the coupling factor K; since u* 

K»LxL, 


2K 

1 /L, C„ we have 


w* R, r. 


L|C| 


= R* r« 


Ri^« C 


(optimum coupling) 
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Taking practical values, this leads to values of K of the order of 0 ’8 ; this is considerably higher than the 
critical coupling discussed in case (e) below; clearly, it must be big since rg is a large (quantity. 

Moreover, when the effective primary impedance becomes— 

_ ti*M» 

‘ “ R, “ 

The last result demonstrates that maximum V.A.F. Is obtained when the effective valve output Impedance 
in equal to the A.C. resistance of the valve. 

The remarks made in (c) about the value of L, apply also here. It should be noted that the simple treatment 
of (6), (c), and (d) shows that the amplification is dependent upon the frequency. 

The forms of coupling in (6), (c) and [d) are particularly suitable for W/T receivers in which R/T reception 
IS not a primary aim ; in the latter case, the desirability of '* band pass " effects leads to the more complicated 
case outlined in [e) below. 

(b) R/F transformer coupling, with a tuned primary and secondary (Fig. 9).— 

This IS a much more difficult case, and a full treatment cannot be included in this work. 

Employing the usual symbols, if we take the case of an T/F band pass filter, the applied u is fixed, 
Xj = 0, and M is the only variable quantity. 

The equivalent circuit consists oI an applied voltage wV^, in jrries with the ta oI the valve and the primary 
tuned circuit, the latter being mutually coupled to the secondary. With the above assumptions, by analysis 
;t can be shown that the secondary circulating current is given by— 


wiV, 


I. - 




V (RiK. 


+ + 






( 1 ) 


If we make the further reasonable assumption that Va is always greater than 1 /q>Ci, the second term of the 
Icnnminator may be regarded as a small quantity, and neglected. We then have 


mV, 


i.= 


M \ 


i. 


RiU, + w*M> + 


ra 


1 L, 

Now -j.-r-j— = p—, since X, = 0 and u* = l/L, C,. 

Cl) L/j rj 

Moreover, — represents the equivalent series 




he primary 

iiiiv write 


D)'^C/Va 

tuned circuit 


(Vol. 1, paragraph 310). 


resistance of the Va of the valve tranepOBed to 

Denoting this equivalent series resistance by R' we 


I. = 


(mV,) 


M 


CiTa 


( 2 ) 


(Rj -1- R') Kj, H . 

By differentiation it may be shown that I^ is a maximum for variation r)f M when 

u’* M2 = (Ri + R') R.. (3) 

This defines the condition fur optimum coupling, and it is interesting to observe that the problem has 
niplificd down to that of two loosely coupled circuits tuned to the same frequency (Vol. I, paragraph 336), 
jirimary being modified by having the equivalent scries resistance of the r® t-he valve, placed in scries with 
le resistance Rj of the primary. 

From this we may get the V.A.F. of the stage 
Output volts across C, = V'g = 


Substituting optimum values in (2). 

_\J wM 

iijCb \uCiya/ 




mV- 


2 (R, -h R') R. 

mVg 


and if C| = C, 


_ (uKVrJv 


(K. + R-) R, 


2(R, + R') R, 

V', 


wV, R' 

2 v'crTTkTk, 


V.A.F. - vr = 


mR' 


V, ■ 2 V(Ri + R') R, 


(4) 
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Clearly, R' cannot be taken as zero, for that would correspond with an infinite value of fa, which would 
obviously give zero V.A.F. For any ordinary circuit R' will be of the same order of magnitude as namely 
5 ohms or so at about 600 kc/s. It is equally impossible to make R' big, for that would be equivalent to shorting 
the tuned circuit with a low value of Va- 

From (3) we may obtain an expression for optimum coupling in more useful terms. 

= (R, +R') R* - (r, + —R, 




and in terms of and Qg (Vu 


where 


bi'Ly 


til 


f K, 

j_ 

1 

—"l 

R, 

G)“ 

1-1^2 “ ' 

l“L, 


iVa/ 

coL| 

1 

1 

u 


j 


1 J_ 

Qi 

1 




Q/J 





_i_ j_ 

Q. «/ 


It will be noted that K is greater thnn ' . the value applicable to the case of t^vo simple tuned coupled 

V UiQ a 

circuits, having the source (jf E.M.F. in the primary (Vid. 1). This is to be expected if one bears in mind the 
damping effect of iJie Ya of the valve ; the correcting term must always be present. 

AV 1 

It should be realised that formula (5), and others like it, only give an apj)rL)ximate idea of the requisite 
value of K ; in practice, the optimum conditions arc arrived at by a process of adjustment. 

Good coils oftfm have a Q of the order of 100 ; this gives the value of the critical coupling to be of the order 
of 0 -01, or 1 per cent. In i)ractice, it varies from 0 *5 per cent, to somewhat over 1 per cent. Where good selectivity 
is cssenti.d, as in W/T receivers, the coupling is often made considerably less than the critical value. In this 
connection one may recall that for couplings greater than critical coupling, a double humped response 
curve results, and the two hum]) frequencies are given by 

/. ... f. 


and /g 


A ’:/.(! -1 2 ) A^A 


K 


(by the binomicil theorem, since K is .small). 

. ' . /i A - . — 11*^ jjcak separation, 

lienee, the peak separation ajqiroxiniately dcjiends directly on the value of K. 

In R/T woik, Avliere band pass effects are ncccssar>^ (N.l, 31), intermediate frequency transformers are 
deliberately over-coupled bevond the optimum coupling. 

(f) SOLUTION TO NUMERICAL PROBLEM No. 21 (End of Section).—The valve equivalent circuit 
[Cf. U) (fl), I'ig. 10] should be userl, the sim))le circuit being complicated by having the primary winding I.^ in 
parallel with llie reflected resistance Rg/T^. (Cf. Vol. J.) 


Primary current 


Transformer primary volts = 1 b Zxy. 
lienee, with unity coupling factor— 

Output volts = V'g = T Ib Zxy 

and substituting lor 

... (., 

To find Zad it is neccssar^^ to determine the reactive and resistive components of the impedance Zxy, a 
matter most conveniently done by " j methods (Vol. I). 

LetR,/T»- R.. 1 I I uL, _yR, 

7vvr •" T? “ ..vT T? . 


E, 

toLiH, (mL| -f ;Ri) 


_1_1 1 wLj — yRj 

~;ci)Li ^ Rj ~ (oLi Rj 


Hence Zxy - ("^1 J^i) _ Ri 

Hence, Zxy - 

(Resistive) 

Also from (2) we get the modulus of ZxY 

=|ZxyI= - 


' Rj o)Li lA 

i id»Li* -H Ri" 
(Reactive) 

coLi Ri 

VRi* + c-*L,* 
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At 100 cycles : 

Ri = 55,555 ohms; iiiLj = 18-94 x 10* ohms. 

Ri*= 31*1 X 10" ohms; = 3-55 X 10" ohms. 

'•^Substituting in (3) 

_ _^55 X 10" X 55.555 >31-1 x 18-84 x lO^^ 

~ (3-55 +31-1) X 10» (3-55 +31-1) 10* 

= 5,680 +yi6-92 X 10“. 

|Zxy| = \/5.680“ + 16-92* x 10* = 17-82 x 10“ Dlims. 


Now from (5) 

From (1) 

At 10,000 cycles :— 


Zab = (5.680 + 30,000) +yi6-92 x 10" 

= 35,680 + >16-92 x 10", 

|Zad| = ^(SS-Ga* + 16 -92“) X 10' =39-5 x 10“ ohms. 


„ . ^ 17-82 X 10“ , 

■ “ 39-5 X 10“ ^ 


54-2 


( 5 ) 


Here = 35,500 x 10", and is large in comparison with ; the latter may be neglected by comparison. 

This makes Zxy into a pure resistance. From (4) 

ZxY = Ri — 55,555 ohms. 

Hence, Zab = 85,555 ohms. 


■ = IS ^ ‘20=77-9. 

Tlie simple formula in (a) leads to the same result. 


20. Permeability Tuning .—Up to about 1933, the tuning of circuits was carried out principally 
by means of variable condensers and fixed inductances ; this provided the most convenient method 
leading to one knob tuning controls, using assemblies of ganged condensers. In spite of its apparent 
'^.idvantages, the system had certain drawbacks, but variable inductance tuning was not seriously 
considered, as an alternative, until the introduction of the low loss high permeability powdered 
iion cores made it possible to vary the inductance of a coil by altering the relative positions of 
coil and core. The inductance of such a coil has its smallest value when the core is completely 
removed, and has a maximum value when the reluctance of the magnetic circuit is reduced by 
in.serting the core to its full amount. The system has become known as permeability tuning, 
although the inductance is controlled by altering the reluctance of an air gap, in order to produce 
corresponding alterations of flux. 

Before the invention of these special cores, the most commonly used continuously variable 
inductance was the variometer. The latter suffered from the disadvantage that the ratio of induct- 
^ance to H/F re.sistance varied greatly over the tuning range ; it can be shown that permeability 
tuning represents an approach to the ideal system, provided that the ratio L/R is kept constant. 
Under the best conditions it leads to an increase of selectivity with frequency, since Q = caL/R ; 
but the value of Q affects the sensitivity of the receiver, which for some purposes should be indepen¬ 
dent of the frequency. 

The construction of the cores is a technical matter, the details of which might vary, and will 
not be fully described here. In many cases, the core consists of particles of iron, often colloidal in 
size and nature, embedded in an insulating material by the application of high pressure. In effect, 
any process produces a core with the properties of iron, but in which eddy currents cannot flow 
because of the insulating surfaces separating the particles ; hysteresis and eddy current losses are 
^thereby minirm'sed. 

The defects of ordinary condenser tuning become clearer if one considers what happens in an 
R/F amplifying stage employing a tuned anode coupling to the next valve. The stage gain 
depends upon the value of L/CR. Over any one timing range, if L and R are constant, the value 
of L/CR is inversely proportional to the capacity C. This produces alterations in the amplification 
which may, in some measure, be offset by corresponding changes in R ; as C is decreased, to increase 
the frequency, the value of R usually increases and might annul the alteration in C. 
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Moreov'er, th? selectivity of a tuned circuit is proportional to the coil amplification Q, and is 
given by 

n_ 1 ^/L__L./ L 

® R R^C v/R^CR 

If L/CR is maintained at a fixed value, in order to achieve constant sensitivity, it is clear 
that, with ordinary condenser tuning, the value of R increases and the selectivity must decrease 
with increasing frequency. Alternatively, the selectivity may be maintained constant, but in 
that case the sensitivity will vary. 

If inductance tuning is employed, R decreases when L is decreased iti order to raise the frequency, 
since the ratio L/R is constant; this implies that the selectivity must increase with increase 
of frequency, an essential advantage which is claimed for permeability tuning in receivers mainly 
employed in R/T reception. 

The formula for selectivity gives results on a percentage basis of mis-tuning, two receive^ 
working on different frequencies being equally selective if they give equal attenuation at a certain 
percentage frequency away from resonance. For R/T work, with side bands covering a frequency 
band (say) 8 kc/s. in width on each side of the carrier (N.l 5-1B), it is advantageous that the selectivity 
should be the same at a fixed number of kc/s. from resonance, whatever the resonant frequency 
may be. This desirable result may be achieved if the selectivity of the receiver increases with 
increasing frequency, as it is claimed that it does with permeability tuning. 


21. A/F Amplification. The Note Magnifier.—It has already been observed that the 
essential principles of A/F amplifiers are the same as those of H/F amplifiers. Examples of each 
of the different types of coupling will be seen ; for high fidelity woik there will be an evident prefer¬ 
ence for resistance-capacity coupling, but for large power output the transformer coupling remains 
the most popular, since it is the only one in which the V A.F. of a valve stage may begreater than w. 

In early Service receivers, note magnifiers were generally separate instruments, but in modem 
Service receivers, as in all commercial ones, the lequisite A/F and R/F amplification stages are 
generally incorporated in the same model. 

In cases where the Service note magnifier is a separate instmment, the first stage inside the 
box is intended to be the inter-valve coupling between the detector valve and the first valve of the 
A/F amplifier ; as such) this coupling should be connected between the anode of the detecting valve 
and the positive of the H.T. battery. For testing purposes, telephones could be inserted at the 
detector stage by connecting a telephone transformer and condenser instead of completing the 
connections to the note magnifier. 

Service note magnifiers designed to share common batteries with other amplifiers have only 
One input terminal; this is connected to the anode of the detecting valve, and the circuit is com¬ 
pleted through the common anode battery. 

Examples of note magnifiers will be Seen in later drawings showing complete receivers. 

22, PoVver Amplification.—So far we have been concerned with output circuits designed 
to give as high a V.A.F. as possible, so that the maximum voltage may be applied to the next valve 
In th« amplifier. 

In the case of the last valve of a note magnifier, however, in the anode circuit of which is 
connected fis output circuit the telephones or loudspeaker, it is important to obtain maximum power 
output, ^his implies large current variations a$ well as large voltage variations, and the best 
condition is when the product of the oscillatory current in the anode circuit and the oscillatory 
voltage set up aero.ss the output circuit is a maximum. For a triode valve, it is shown in t*''^ 
following paragraphs that this is the ca.se when the impedance in the external circuit is equal to the 
A.C. resistance (/•„) of the valve, provided maximum power dissipation alone is considered; if 
distortion of the i)owier output is to be avoided, the external impedance should be about twice the 
A.C. resistance of the valve {see below). 

Valves used for power have, generally, A.C, resistances of from 1,000 to 5,000 ohms, and are 
designed to be Used with higher anode voltages than usual. Their amplification factor is small 
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(from 2 to 10), and their mutual characteristics ^ theteiore straight over a large range of negative 
grid voltage, so that considerable negative grid bias may be applied and distortionless amplification 
be secured for large values of grid-filament voltage variation. 


'^23. Maximum Power Output for a Triode. — Let us Suppose that the resistance of the output stage is 
given by R. 

As before, and the output vollaca across R is vf - 

+ R ^ ^ ra -\-R 

The product gives the output power ^ —ip^|y 2 * want R to be such that tliis is a maximum. 

Hence, differentiating - - with respect to R, and equating to zero, we obtain : — 

(R. + Vn) 

(R + ra)2 - 2R (R + ra) - 0 

or R -f- ra = 2R, 

K r, [Cf. R.35. N.S6). 


Therefore, for maxiinuni power output, the external resistance should equal the impedance of the valve. 

The impedance of a telephone receiver or loudspeaker cannot, of course, be regarded as being purely a 
resistance, but the above result leads to the practical case, in which it ran be anaiiged that the A.C. resistance 
of the last valve is about equal to the impedance of the receiving instniincnt. 


■^24. Maximum Power with Distortionless Amplification.—In the above argument, no account is taken 

uf the fact that when the grid wing I'xtends to the limits of the dynamic charactt'ristic, grid current will flow 
iliinng part of the positiv^i' half-cycle of grid voltAg*' and the wave form of tlie output will be distorted. For 
ilisiortionloss amjililiratimi, the optimum value of the external impedance is about twice the A.C'. resistance of 
the valve, as will now be proved, 

l''ig. 11 represents the working conditions. is the H.T. voltage on the anode under static conditions, 

and the corresponding static 
characteristic is shown. The turve 



labelled Vo = - Vj is the static 
characteristic for which flow of 
grid current commences at the 
same grid voltage ^ loweNbend 
curvature. \\ is found, of course, 
by inspection of the family of 
mutual charactoristics. 

If Vp - Vi ^ V, the corre¬ 
sponding range of grid voltage 
over which no distortion occurs' 
V 

under static conditions is **-, where 

ffi 

m is tlie anipUflcation factor of the 
valve [CJ. B.34, 13.38, I'ig. 24). 

If the external impedance has 
an effective resistance R, then, 
with an oscillatory curreut^of 
amplitude the variation^of 

anode voltage is from Vp — R^/a 
tnVo -f Kja- The Static character¬ 
istics wnrwipotiding to tlic.se volt- 
34^68 are shown, and also the 


dynamic characteristic on which 
the valve is operating. It can 
easily be seen that, compared 
with static conditions, the range 
of grid Voltage for distortion]eaa 
working has been increased by an 


amount equal to 




, provided 


that the working point is moved 
Fig. 1 J . to the left by increasing the 

negative bias the appropriate 
amount. 
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The total permissible grid swing is therefore-. The optimum grid bias and the permissible peak 

wi 

grid voltage are both half of this, i.g., ^ 

^wft 

fyi 

The slope of the dynamic characteristic is ^ .(paragraph 4 ), 

^ w . 


' K Ya 

m (V f K/a] V fRc/« 


■ ■ - R + ra “ 2m (R -h r«) "" 2 (R H- r«)' 

V r/a 

. ■ , j 5 ^ =.. We have »= — 7 =^, and hence the power (P) dissipated in the external 

2yr, -1 R V2 

impedance is given by 


Rr/I 


RV* 


P _ 1^1 2 _ -- 

- - 2 "'2 ( 2 r„ +R)^ • 

As in the previous paragraph, the value of R for maximum power is obtained by differentiating this expressioii 
and equating the result to zero. This gives 

[2ra -h R)" - 2R UlYa + R) =- 0. 

. ■ . 2 ra + R - 21 ^ - 0 . 

. ■ . R = 2ra. 

The expression for the best negative grid bias in terms of known quantities, and assuming that grid current 
starts to flow at zero grid volts, is given by 

RV 

V + Re/. _ ^ + 2>-, f R _ (r, + R) V 

2 m 2 m m [2ra -[ R)’ 

3V 

When R — Iva this becomes —. 

4m 

The modiftcation required if grid current starts to flow at some other grid voltage is obvious. 


25. A Complete Receiver ; Tuner, R/F Amplifier, Note Magnifier.—Fig. 12 is an 
equivalent diagram of a receiver designed lor use on the L/F range ; it consists of a tuner followed 
by three stages of R/F amplification, a detector valve, and three stages of note magnification. It 
is a simple T.R.F. (tuned radio frequency) type receiver. 

The tuner has two positions, “ Stand-by and “ Tune.’' In the Stand-by position, which is 
used when searching for signals, the aerial tuning inductance is directly across the grid and filament 
of the first valve, and the secondary circuit L 2 C 7 is cut out. This position is therefore unselective. 
Wlien the required signal has been found, the switch is made to the Tune position ; this brings the 
secondary circuit into use and increases the selectivity. 

The central stud of the Tune—Stand-by switch is earthed to prevent the switch from acting 
as a capacitive coupling between aerial and secondary circuits. 

It will be seen that, when the tuner is in the “ Stand-by " position, the grid-filament capacity 
of the first valve is in parallel with Lj. In the “ Tune " position, this capacity is in parallel with 
the secondary tuning condenser C 7 . To preserve the aerial tuning, it is therefore necessary to 
insert, in parallel with L^, a condenser whose capacity is the same as the grid-filament capacity 
of the valve. Tliis is called the Valve Equivalent Condenser (V.E.C.). A^ and are lightning 
arresters to protect the receiver from damage. The aerial condenser has two positions, series and 
parallel, according to the frequency which is being received. 

Vj, Vj and V 3 act as radio-frequency amplifiers, V 4 as the detector. 

The inter-valve coupling is by means of the transformers T^, T^, Ts, whose secondaries are tuned 
by the condensers C^, C 2 and C,. 

The grid potentials of the second and third valves can be made more or less positive by means 
of the potentiometer Rj, which is connected across the filament battery terminals. So far, the 
necessity of having the grid negative for distortionless amplification and efficiency has been 
emphasised, but we shall see, in dealing with self-oscillation, that the grid may be given positive 
bias, with consequent loss of efficiency, as a means of preventing self-oscillation. 

The rheostat R, controls the filament current of all the valves in parallel. 
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In order to provide for cumulative grid detection, the condenser C 4 and leak Ri are connected 
to the grid of valve V 4 , which is given positive bias by connecting its input circuit to the positive 
L.T, lead. 

The condensers C5 and Cg (capacity 2\l F) are put in shunt with the amplifier batteries and the 
grid potentiometer respectively, to carry both radio and audio-frequency variations, and prevent 
self-oscillation, which might arise as a result of coupling between different parts of the amplifier 
through the resistances of the batteries. 

The three stages of note magnification V 5 , V®, V 7 , utilise iron cored tuned choke capacity 
coupling. In the output circuit of the power stage is the telephone transformer and its associated 
circuit. 

26. Valves in Push-Pull. —In addition to the series and parallel arrangements of valves 
there are many ciicuits to which the name “ push-pull " has been applied, although in certain cases 
the name “ push-pull " might be more appropriate. 

Push-pull circuits are finding an increasing number of applications, but it is here proposed 
only to consider their applications to A/F power amplification. They are, however, extensively 
used as R/F amplifiers (N. 66 , K.34, 41, 45, T. 10), and as heterodyne detectors (T.IO). Other push- 
pull applications will be discussed as they arise. 

27. Class “A” Push-Pull A/F Amplifiers. —A/F amplifiers only differ in small details 
from R/F amplifiers, a principal one being that the former employ iron-cored transformers. Fig. 13 
represents a basic form of the circuit in which, for simplicity, the iron cores have been omitted. The 
input circuit is, of course, the output circuit of the previous stage of amplification, and is shown 
as tuned-transformer coupled. The secondary coil AB, instead of being across grid and filament 
of one valve, as in cascade amplification, is connected across the grids of two valves, as shown. 
The electrical mid-point E of AB is common, via the grid bias battery, with the filaments of the 

two valves. The output circuit 
illustrated is of the same type as 
the input and is connected across 
the anodes of the two valves. The 
H.T. battery is inserted between 
the electrical mid-jjoint of the out¬ 
put primary and the common 
filament connection. / It will thus 
be seen that the arrangement is a 
very symmetrical one, if the valves 
are matched so as to have the 
same characteristic curves. It is 
this essential symmetry which tends 
to treat each half cycle of the 
input signal in the same manner, 
thereby producing strong attenu¬ 
ation of all even harmonics. This is especially useful with triodes since the second harmonic 
is usually particularly evident {cf. paragraph 29). % 

An oscillatory voltage is produced across AB by the action of the incoming signal on the 
preceding stages of amplification. Thus with respect to ^E, whenever A is at a certain positive 
potential, B is at an equal negative potential and vice versa ; i.e., the oscillatory P.Ds. from A to 
E and from B to E are always equal and opposite. These are the grid-filament P.Ds. applied 
to the two valves. Hence and are equal in amplitude, but 180° out of phase with each other. 

Now consider the output circuit. When no sign^ is being received, a steady electron current 
is flowing from filament to anode of each valve, its value depending on the steady anode and grid 
voltages. The currents in the two valves are obviously equal, if the valves are perfectly matched 
and the H.T. battery positive tap is at the electrical mid-point of the output circuit. As regards 
the output coil, however, these two equal currents flow in opposite directions through the two halves 
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of the coil. The steady fluxes they produce in the coil are thus equal and opposite, and there is no 
resultant flux, and no consequent magnetisation of the core in the case of A/F amplifiers. The 
advantages of this in preventing distortion of the wave form will be evident from VoL I. 

When a signal is being received, equal grid voltages in anti-phase are applied to the two valves. 
If and i.a are the oscillatory anode currents produced in consequence, these two currents will 
also be equal and opposite, provided that the grid swings do not extend beyond the straight portions 
of the dynamic characteristics of the valves, and that grid current is not allowed to flow (Fig. 14 (a )). 
The resulting oscillatory P.Ds. produced across the two halves of the output coil from C to K and D to 
K are therefore also equal and opposite (180° out of phase), and so the P.Ds. produced in the coil 
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Fig. 14. 


from C to K and K to D are equal and in the same direction (in phase), In other words, the 
oscillatory current in the two halves of the coil is the same both as regards amplitude and phase, 
which is equivalent to one oscillatory current of the same value throughout the transformer 
winding (Fig. 14 (6)). In paragraph 29 it is shown that the fundamental components are additive, 
and the second harmonics cancel each other. In general, the circuit attenuates all even 
harmonics. 

On the other hand, and 1 ^ 2 , flowing through the H.T. battery and common lead, are additive, 
and, being equal and opposite, cancel each other out, i.^., no resultant oscillatory current flown in 
" this lead, and the possibility of back coupling from this stage to earlier stages through the common 
H.T. battery and anode lead is avoided, with beneficial results on the Stability of the amplifier, 

In the case discussed above, the best grid bias for distortionless amplification is the voltage 
half-way between the lower bend of the dynamic characteristic and the voltage at which grid current 
starts to flow (Class A " conditions, or mid-point biasing). 

As only h^lf the total input voltage is appUed between grid and filament of each valve, the 
push-pull arrangement will give distortionless amplification of twice the oscillatory input voltage 



27-28 


Section "F." 


that either valve would deal with singly as a stage in a cascade amplifier, and so is particularly useful 
in the later states of A/F amplification where the input voltage is large. 


28. Class “B*' Push-Pull A/F Amplifier. Curvature Biasing (0-P-P-)'“The input 
voltage of a push-pull arrangement can be approximately doubled without distorting the output by 
increasing the grid bias until each valve is operating on the mid point of the bottom bend of its 
mutual characteristic. Under these conditions, with no input signal, the anode current is very 
small and produces a corresponding economy in the use of battery power ; one of the chief advantages 
of the system is this economy in battery power, an essential feature in portable receivers. 

A class “ B ” amplifier is one which is operated with such a grid bias that there is practically 
no D.C. anode current when the signal voltage is zero (c/. paragraph 8, and N.45, 49). This is a 
general definition of Class “ B." 

With this arrangement, each valve singly would act as a rectifier, for during the negative half 
cycle of grid voltage practically no current will flow. In the push-pull circuit, however, the negative 
half cycle on one grid is the positive half cycle on the other, since the grid voltages are in anti¬ 
phase. The result is that during one complete cycle of input voltage, one valve amplifies the 
positive half cycle without distortion, and the other valve docs the same lor the negative half cycle. 
Each valve is quiescent, or out of action, for one half cycle, and for this reason the name “ quiescent 
push-pull (O-P-P.) has been applied to the arrangement ; it may be noted that the circuit 
illustrates the idea of two valves working in push-push, each valve pushes in turn, and is essentially 
different from the action of the Class A ” circuit. The process is illustrated in Fig. 15. 

To prevent distor¬ 
tion the two valves must 
have identical character¬ 
istics. In the diagram, 
the two characteristics 
are shown in opposite 
dirc'ctions to take ac¬ 
count of the fact that 
positive oscillatory grid 
voltages on one valve 
correspond to negative 
ones on the other. It 
will be seen from the 
figure that the curva¬ 
tures at the bottom of 
each characteristic cancel 
each other out as regards 
incoming signals, and the 
nett effect is to give 
a straight characteristic 
with zero flow of grid 
current over more than 
twice the range of either 
valve independently. 
This is indicated by the 
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dotted prolongation of the right-hand characteristic. 

This was the original method employed in push-pull circuits, but it suffers from the following 
disadvantages compared with the “ mid-point biasing " scheme :— 

(a) During the negative half cycle for either valve, its A.C. resistance is extremely large. 
The positive half wave of oscillatory anode current, produced in one valve thus 
flows through half the external circuit, and then returns to filament via the H.T. 
battery. During the negative half cycle the same process occurs with the other 
valve, Fig. 15 (b). Thus, although the steady current from the H.T. battery is 
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smaller with this method, the oscillatory current through it is large. The 
advantages possessed by the Class “ A "pusli-pull arrangement for preventing back 
coupling through the H.T. battery are therefore sacrificed. 

(6) The grid bias is critical, and demands a careful study of the characteristics to find the 
correct operating points. In addition, the valves must be much more carefully 
matched than in the mid-point biasing system, particularly as regards the bottom 
bends of their characteristics, and this is the point where deviations from uniformity 
in the same tyj^e of valve are most pronounced. Further, with mid-point biasing, 
a difference in the slope of the mutual characteristics of the two valves will not 
produce distortion. The alternating flux-linkage with the output coil is propor¬ 
tional to the product of the number of turns and the alternating current. Though 
these are different for the two halves of the coil, each half still produces flux-linkage 
whose wave form is a faithful reproduction of the input voltage wave over a complete 
cycle, and the only effect is that the amplitude of resulting flux-linkage is the 
mean of the flux-linkages produced in the two halves of the coil, and not exactly 
equal to either. Different slopes, however, will mean that th3 oscillatory currents 
flowing through the battery from the two halves of the coil are not equal in amplitude, 
so that there will be a resultant oscillatory current through the battery, with 
possibilities of back coupling. Hence only slight differences in characteristic 
slope should be permitted, and the H.T. battery should always be by-passed by a 
condenser. 

With bottom bend biasing it is easily seen that different slopes of the character¬ 
istics will mean that the amplitude of the positive half-cycle of flux-linkage is 
different from the amplitude of the negative half-cycle, and so distortion is pro¬ 
duced. 

{cj I'he grid swing is doubled and gives approximately twice the anode current that 
would be produced from each valve working under Class “ A conditions. In 
eat'li half cycle the anode current only flows in one half of the primary output 
winding; if the impedance matching arrangements fully load the stage to give 
maximum undistorted power output, it is easy to see that the power developed by 
two valves w^orked under Class “ 13 '' conditions (Q.P.P.) may approach twice 
tlie output of the same valves arranged for Class ‘‘A" operation (para¬ 
graph 31). 


'^^29. Mathematical Note on Push-Pull Amplifiers.—Thi' input H.M.F, is applied by means oi a trans¬ 
former having a centre tap connected to the filament; this gives rise to two K.M.F.'s oppo.site in phase, and equal 
111 magnitude to half of the total input Ji.M.F. The latter are applied between grid and filament of the two 
valves, and we may write— 

Vgi — A sin (jit and Vg^ ^ — A sin bit. 

Assuming that the valve characteristics are not quite linear, the anode currents and grid potentials may be 
related by an equation of the form — aV -J- where a and b are constants. Then 

= aA sin Lit + hA^ sin* ut 
= aA sin mt -1- A* — A* cos 2tjit 
(Fundamental) (2nd harmonic) 

and Ui= — o,A sin -j- A* — ^b A* cos 

Since the output primary winding is arranged so that the fundamental oscillatory currents produce efiects 
which assist each other, it is evident that tlie two second harmonic terms produce flux with the seeuiidary 
ivhich annul each other. 

With more curvature in the characteristic higher harmonics will be produced (cf. N.18), but in all cases 
this coupling leads to cancellation of the even harmonics in the secondary coil of the output transformer. 
This is one of the chief advantages of the push-pull circuit, since, with triodes, the second harmonic is usually 
Rreater than the higher ones. 

It is also evident that in the H.T. battery lead the fundamental components cancel out but the even 
Vc additive (cf. paragraph 28). 
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30. V«lve» In PnrftUel. lin]>edMice Matching.— The advantages for power amplification 
of a push-pull arrangement may 1» seen by comparing it with the use of valves in parallel, an 
alternative method which may be used when it is necessary to obtain more power output than one 
valve can give. 

The system is shown in Fig. 17 which should be compared with Fig. 16, and the push-pull 
atrangement shown in Fig. 13. To facilitate comparison, the output circuits are drawn as shown, 
and not in accordance with the standard method used in other figures. 
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Fig. 16. 


Fig. 17. 


The single power valve is one in which we may assume the amplitude of the permissible grid 
swing is giving an R.M.S. anode current of I„. 

The output circuit is arranged in each case to give maximum imdistorted power under these 
conditions. The internal A.C. resistance of the two valves in parallel is half the A.C. resistance of 
either valve working singly, and so the effective resistance in the anode circuit must be half that 
in the single power valve circuit. For this reason the output impedances are labelled R and 2R 
respectively in Figs. 16 and 17. 

The two valves in parallel can only be allowed the same amplitude of grid swing (‘2^^) as the 
single power valve ; the total anode current is, however, doubled, and this gives double the power 
output whicli is obtainable in the single power valve case (paragraph 31). 

In the Class “ A " push-pull arrangement, the A.C. circuit is through the two valves in series 
and the external anode circuit. The total internal A.C. resistance is thus twice that of either valve 
alone, and so the extenial effective resistance should be four times that used for the parallel com¬ 
bination, or twice that of the single power valve, i.e., 4R. 

This push-pull arrangement can cope without distortion with twice the permissible total input 
voltage of the single power valve case, the input to each valve being 

Under the same operating conditions, the power output of two valves in Class “ A " push-pull 
is the same as with tlie same two valves in parallel (paragraph 31). Second harmonic distortion is, 
however, less in the former case, so we may say, that fur a given percentage of second harmonic 
the push-pull ampliJier gives relatively more power than can be obtained by using the same two 
valves in parallel, 

31. Comparison of Various Forms of Power Output Stage.—It is clearer to give a 
symbolical form to the above comparisons. In each case we may consider that the dynamic 
characteristics, like the static ones, have the same slope an oscillatory input of R.M.S. v^ue V^, 
giving an R.M.S. oscillatory anode current of I„ in each valve (= g'^ VJ. In each case it is assumed 
that the stage is fully loaded for maximum undistorted output, using the same matching trans¬ 
former. 

{a) SINGLE POWER VALVE.—The input voltage (R.M.S.) is V^, and so the anode 
current is 

Hence the power obtained is proportional to 2R X (I)^* = 2R I,*. 

(6) TWO VALVES IN PAl’^LLEL.—The input voltage is V^. The anode current 
is Ig from each valve, i.e., a current of R.M.S. value 21. flows in the external circuit. 
Hence the power obtained is proportional to R x (21J" = 4R I„*. 
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(f) TWO VALVES IN CLASS “ A PUSH-PULL.—The input voltage to each valve 

is Vp, the total input voltage being 2V^. As already seen (paragraph 27), the 
current in the external circuit is I^,, produced respectively in the two halves of the 
transformer winding by the two valves ; the relative anode to anode load is now 4R. 

Hence the power obtained is proportional to 4R X (I.)* = 4R I.». 

(rf) TWO VALVES IN CLASS “B" (Q.P.P.) PUSH-PULL —The input voltage to 
each valve is now 2Vp, the total input volts being 4V^ In each half cycle the 
current 21 „ only flows in one half of the output winding, and works into an effective 
anode to filament impedance proportional to 2R. 

Hence the power obtained is proportional to 2R (21 = 8R I^". 

This power is developed by each valve in alternate half cycles of grid input 
voltage, from which it appears that the power output nf two valves in Class “ B " 
(Q.P.1\) may approach twice the output of the same valves under Class “A** 
conditions. It is shown, later, that the efficiency with which this power conversion 
is achieved is considerably greater than in the Class “ A '' case (K.12, etc.), 

Since each valve works singly into the whole load, in effect only one half of 
the primary winding of the matching transformei is being used during each half 
cycle. In comparison with the preceding cases, the effective value of the trans¬ 
former ratio is therefore doubled A relative anode to anode load of 8K will then 
be equivalent to 8R/(2T)^, giving an effective load on each valve proportional 
2 R. 

(e) TWO VALVES IN CLASS “A-B" (LOW LOADING) PUSH-PULL.—This 

represents an operating condition midway between Class “A"' and Class “ B," 
the anode to anode load being less than that employed in normal Class *‘A'' 
amplilication, in order to increase the power output at the expense of some additional 
harmonic distortion (N.48). 

Wlicn fully loaded, each valve singly woiks for slightly more than one-half 
cj^cle. The grid bias is adjusted so that the valves draw more anode current than 
in the Class “ B " condition, but less than when adjusted for Class A." 

Naturally, the efficiency and relative power output of the Class 
amplifier is somewhere between that obtainable in the simple Class '' A " and 
Class “ B ” cases. One of its chief advantages is that its actual operation appears 
to vary between the pure Class '' A '' and Class " B '' states as the input varies from 
small values to high values ; one of the major objections to Class “ B " amplifica¬ 
tion consists in the distortion introduced with low signal inputs, a matter partially 
remedied in this way. 

The use of Class “ A-B " is becoming increasingly popular where large power 
output is required, and a little distortion is acceptable. 

Power amplification using two valves in parallel, or one single valve, suffers from the following 
serious disadvantages :— 

(а) A large steady current flows in the output primary coil, or choke. With a winding 

similar to that which could be used in the push-pull arrangement, the core would 
probably be saturated. In any case, the effective inductance of the coil would be 
greatly reduced, and in addition, the grid voltage would have to be much smaller 
to avoid distortion (Vol. I). 

(б) The oscillatory current flows through the H.T. battery, giving rise to back-coupling 

and instability. 

The above discussion of various types of power stage should also help to emphasise the import^ 
ance of having the impedance of the output circuit in the correct ratio to the A.C. resistance ol 
valve system. This is not always easy to arrange, but the process is considerably simplified il 
transformer coupling to the output stage is used. The effective output impedance then depends 
OIL the transformation ratio, thus introducing another adjustable factor (c/. N.56). 
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32. Use of Controllable Reaction In Amplifiers. —In all amplifiers, especicJly R/F amplifiers, 
reaction, or back coupling, is present to a certain extent, either intentionally or unintentionally. 

In dealing with regenerative amplification, in Section ‘"D,” we had an illustration of the 
intentional use of inductive reaction to diminish the damping of the input circuit of a receiver, 
and hence to increase the strength of signal heard in the telephones. In that case it was observed 
that excessive reaction led to continuous oscillations, the reaction receiver being, in fact, the basis 
of a transmitter (K.3). 

Various other circuit arrangements can be used to give effectively the same result. 

Instead of an inductance a capacity may be used to give reaction in the way shown in Fig. 
18 [a). The R/F anode current 1^ has an alternative path back to filament through the variable 
condenser and grid-filament tuned circuit. The proportion of current which takes this path depends 
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Fig. is 

on the reactance of the condenser, and so is controllable. It may be considered that this artificial 
condenser increases the effective value of the grid-anode inter-electrode capacity, since it is con¬ 
nected in parallel; the nett reactance through this path is thereby reduced, and the process is 
known as capacitive reaction. 

In general, the energy fed into the grid circuit in this way may either assist or oppose the 
original input current according to the phase of the fed back current. A full discussion of this 
point is complicated but has been treated by Miller and others, from which the name Millei" effect 
has originated ; only the result can be given here. 

For practical purposes it may be taken that unless the output circuit has nett capacitive 
reactance [Fig. 18 (c)], the energy fed back in this way is such as to assist the original 
oscillation in the input circuit. With a capactive output, however, the feed back damps the 
original oscillations ; in effect it constitutes a load on the input circuit and increases its positive 
resistance. This matter can be given a simple qualitative explanation by means of the vectors 
of Fig. 18 (c), the numbers on the vectors representing the order in which they may conveniently 
be studied (of. Section " D,'" and K.4, 6). With reference to the anode current I^ the anode oscil¬ 
latory potential is V„, and is drawn 90° leading since it has the nature of a back E.M F. The latter 
is to be regarded as the applied E.M.F. in the equivalent circuit of Fig. 18 (6), consisting of and 
a resistance R representing the resonant impedance of the tuned grid circuit. With this simplifica¬ 
tion vector (3) represents the voltage across and vector (4) represents the voltage drop across 
the resistance R ; the current vector I must be in phase with vector (4). From this it is evident 
that the effect of reaction is the production of an oscillatory input between grid and filament tending 
to give an anode current more than 90° out of phase with the anode current which caused the action. 
Moreover, the diagram shows that V, and V, are less than 90"' out of phase ; in K 6 it is shown that 
a circuit tends to be self-oscillatory (possessing negative resistance) when V„ and are more than 
90° out of phase. From two points of view, therefore, the circuit appears to be not of the self- 
oscillatory type, but rather the reverse ; the output impedance constitutes a damping load (N.29) 
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Controllable reaction is of great importance and use, but many of the troubles of wireless are 
due to unintentional reaction which may sometimes be uncontrollable. Controllable reaction is 
further discussed at a later stage. 

Theoretically, the damping of the tuned circuit may be reduced to zero and hence the amplitude 
of the oscillation increased to infinity. In practice, it is necessary to leave a margin of stability, 
so that the amplifier may not be loo near the border line at which it generates self-oscillations. 
Light damping gives highly selective circuits. ^ 

33 . Self-Oscillation in Amplifiers.—Especially at high frequencies and with multi-valve 
amplifiers, it is more usually the case that sufficient reaction, inductive, capacitive or resistive, is 
inherent in the amplifier to give a tendency to self-oscillation without the use of intentional reaction. 

Reaction coupling of these various tj^pes enables a portion of the oscillatory energy in circuits 
near the output .side of the amplifier, where this oscillatory energy assumes large dimensions, to be 
handed back to circuits near the input side of the amplifier, fending to nullify their positive resistance. 

Inductive coupling may occur if inductances used in the amplifier are not carefully screened 
from one another. 

Capacitive coupling may occur by means of stray capacities between leads. 

A much more important reason for the occurrence of capacitive coupling between circuits is, 
however, the presence of capacity between the diffeicnt electrod(‘s of the valves used in the amplifier, 
a matter which has led to the use of tetrodes and pentodes. 

The most important inter-electrode capacity, from this point of view, is that between grid 
and anode, usually denoted by 

If we take the simple case of a tuned circuit betw^een grid and filament and a tuned anode 
output circuit, as illustrated in Fig. 19, it is ea.sy to see that they are coupled together by virtue of 
C^fl, and therefore energy can be fed from the tuned anode circuit back to the input circuit. In 


—o 

•f HT 



(a) CO) 

Fig. 19. 


fact, this type of coupling, in this case undesirable, is exactly the same as the deliberate capacitive 
coupling illustrated in Fig. 18, and if the output circuit is suitable, as is generally the case in amplifier 
stages, energy is fed back to tlie input circuit. 

The greater the value of the higher is the coefficient of coupling between the circuits, and 
the greater the amount of energy fed back. 

Part of this intcr-electrode capacity is, of course, between the lead-in wires to the electrodes, 
and this can be arranged to be small by keeping the wires as far away from each other as possible. 

Resistive coupling may occur by circuits being coupled through the resistances of the batteries 
und common leads to these. Oscillations in the anode circuit of one valve cause high frequency 
voltage variations across these resistances, which are transferred to the anode circuits of other 
Valves fed from the same source. 

These various types of accidental reaction coupling may lead to self-oscillation where self¬ 
oscillation is not wanted, e.g., when spark, I.C.W. or R/T are being received, since these are already 
modulated at ilie transmitter. 
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If tEe amplifier is designed to receive C.W. as well, it is necessary to have some arrangement 
by which a local oscillation is producedi either by separate heterodyne or by sufficient rcactip 
being available and controllable, so that the amplifier may act as an autod}me when necessary! 

It is the problem of unwanted oscillation which sets a definite limit to the amplification obtain¬ 
able with any model, the difficulty of preventing it increasing with the number of valves used, the 
V.A.F. which results, and the frequency which is being amplified. 

The fact that, with the usual output circuits, the tendency to sclf-oscillation increases with the 
number of valves, and the amplification produced, can easily be shown as an extension of the case 
of capacitive coupling by anode-grid capacity illustrated in the last paragraph. 

If we take the case of a multivalve amplifier instead of a single valve amplifier, the output 
circuit of each valve being tuned, then Fig. 20 represents a simplified arrangement of the circuits 
and the capacities which couple them together. 



The coupling capacities are the inter-electrode capacities Cg^ and the insulating condensers in 
the grid circuits of the valves. 

Now with several valves in cascade, as in this case, the last output circuit is coupled to the 
input circuit of the first valve by a capacity which varies inversely as the number of valves. 

Neglecting the insulating condensers C, which are large compared with and, therefore, 
do not materially affect the equivalent capacity between each pair of circuits, we have in the above 
figure a number of capacities in series. 

C 

If there arc n stages of amplification, the equivalent value of all of these is —, which, as stated 
above, varies inversely as n. ^ 

But the amplification increases in geometrical progression with the number of stages, and so the 
amplitude of oscillatory energy in the last tuned circuit increases correspondingly. The amount of 
energy feed-back is proportional to the energy in the output circuit multiplied by the value of the 
coupling capacity, and as the output energy increases much faster than the coupling capacity 
decreases, their product must also increase when the number of steps is increased. 

Hence, any amplifier will generate self-oscillations if the number of stages is increased sufficiently, 
because the total energy fed back is always increasing, and must finally be greater than the damping 
losses in the input circuit. 


34. Prevention of Self-oscillBtion in Amplifiers. —Various methods are adopted for deal¬ 
ing with the tendency of amplifiers to oscillate, and these will now be described in detail. They 
may be classified as follows :— 

(1) Simple precautionary measures, designed to prevent inductive and capacitive coupling 
between different portions of the circuit. 

Such are:— 

Use of short leads, well spaced apart, crossing at right angles. 

Separation of the stages of the amplifier from each other by earthed metal screens. This 
leads to a loss of energy, through eddy currents induced in the screens. 

(2) By-pass condensers across batteries and potentiometers to avoid resistive coupling. 
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Large condensers shunted across batteries or potentiometers present to R/F currents only a 
small reactance. Without these, the resistance of the batteries or potentiometers would cause 
considerable oscillatory voltage variations across them. With conunon H.T. supply, this P.D. 
^would be a source of energy to every stage, whilst in the case of a potentiometer every valve whose 
grid was connected to it would be affected. In the case of batteries, the effect would be increased 
as they were used up, owing to their increasing internal resistance. 

With efficient amplifier stages, it is found that this precaution is not enough to prevent feed¬ 
back, since the coupling due to the common lead from the H.T. batteiy to the anodes of the various 
valves, and to the common filament leads, is sufficient to produce self-oscillation. It is necessary 
in modem amplifiers to conduct the radio frequency anode current by the shortest possible 
path to filament once it has passed through the output impedance. This is achieved by the 
use of de-coupling condensers and resistances, as illustrated in Fig. 21. The oscillatory 
anode current, after passing through the tuned anode output circuit, has two paths in parallel 
.^open to it, one through the de-coupling condenser and the other through the resistance in the 
cLiiode lead. The reactance of the condenser is much less than the resistance, and so the anode 
current is almost completely by-passed to the screen, to which each filament is also connected by 


a large condenser. 

(3) Reduction of filament current 
or H.T. voltage. 

These reduce the V.A.F. of any stage 
by reducing the amplification factor of the 
valve, and so the energy fed back is also 
diminished. 

(4) Reaction applied deliberately 
** the wrong way.” 

A reaction coil or condenser may be 
connected so as to prevent the generation 
of oscillations instead of assisting it. This 
will be the case if an ordinary reaction coil 
has its connections reversed. 

In some amplifiers the reaction coil or 
condenser can be connected to various 
anodes in the amplifier. It can be shown 
that if, with the connection made to 
the odd anodes, oscillations tend to be 
maintained, the joining up of the con¬ 
nection to an even-numbered anode will tend to stop oscillations. 

This arises from the fact that in any one valve of the amplifier, the oscillatory grid and anode 
voltages are more than 90° out of phase, e g., with resistance-capacity coupling they are 180° out 
of phase, since the anode current and grid voltage are in phase while the anode current and anode 
voltage are 180° out of phase. The anode of one valve is connected to the grid of the next through 
the coupling condenser. It follows, therefore, that the grid voltages of two succeeding valves in an 
amplifier arc more than 90° out of phase, and similarly for the anode voltages. 

Though this always holds for two successive valves in an amplifier, caution should be exercised 
m applying it, for instance, to the first and last stages of an amplifier. Due to various reasons, 
the anti-phase relationship is not strictly preserved. It can easily be seen, for example, that in a 
-choke-capacity-coupled amplifier, where even in successive valves corresponding voltages are not in 
exact anti-phase, the rule given above for applying "positive" or "negative" reaction is not justified. 

Negative reaction obviously reduces amplification. 



(5) Increase of resistance in the input circuit. 

One method of doing this is simply to increase the ohmic resistance. 

This obviously acts as a deterrent to oscillation, making the amount of energy fed back less 
capable of overcoming the damping losses. 
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Another method is to bias the grid positively so that grid current flows. This is equivcdent 
to saying that the A.C. resistance between grid and fllament is decreased from its theoretically 
infinite value (when the grid is negative) to some finite value, and the condenser of the input circuit 
has, therefore, a finite resistance connected across it. By the same theory as that used in Vol. 
such a resistance is equivalent to a series resistance in the oscillatory circuit itself, which is greater 
the less the value of the shunt resistance. Hence the total effective resistance of the input circuit 
is increased, and the energy fed back is less capable of overcoming the damping losses. 

It should be n oted that if the positive grid bias is so large that it causes saturation grid current to flow, 
the grid-filament A.C. resistance again becomes infinite, and produces no damping of the input circuit. 

In practice, the grid is biased positively by taking the filament connection from the input 
circuit to the sliding contact of a potentiometer across the filament battery {cf. paragraph 25 and 
Fig. 12). It is usually only necessary to maintain the first grid at a positive potential. Obviously, 
as with previous methods, the increased damping of the input circuit results in a loss in amplification. 

(6) Flattening the input and output circuits. ^ 

It is found that flattening either of these circuits increases the stability of an amplifier. 

The V.A.F. is, of course, decrea.sed if the output circuit is flattened f ™ becomes lessV and, while 


flattening the grid circuit does not affect the V.A.F., it does mean a diminution in input voltage 
across the condenser of the tuned input circuit, for a given voltage induced into it from the aerial, 
and thereiorc results in less total amplificatu»n fiom aerial to output. 

Methods (1) and (2) deal with specific causes of reaction ; the others make it more difficult for 
reaction present in the amplifier to produce undesired effects. 

The above methods give a reduction of amplification as a necessary accompaniment to greater 
stability. 

Tlie following measures, which need not reduce the amplification, are therefore more efficient. 

(7) Neutralising Circuits.—Ncutialising consists in the insertion of a condenser or condensers 
to produce an equal and opposite reaction effect to that inherent in the amplifier by reason of the 
inter-electrode capacity between grid and anode. Before the invention of the screen-grid valve 
the process was widely applied both in receiver construction and in transmitters. Since the year 
1929, however, we have witnessed a change in the former, and the passing of the neutralised triode 
with tlie growth in popularity of screen giid and K/F pentode valves ; the use of neutralisation is 
now almost restricted to transmitteis (K.39). 

There are many ways of joining up sucli neutralising condensers. Two typical circuits arc 
illustrated below, known in the Service as the tapped output and tapped input methods respec- 



(a) (d) (c) 

Fig. 22. 

In Fig 22 (a), the H.T. is fed to the valve at the mid-point of the inductance in the anode 
circuit, which may be a choke coupling, or the inductance aim of a tuned-anode coupling, or the 
primary of a transformer; it is called the tapped output method. 
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From the other end of the inductance a neutralising condenser (N.C.) is joined up as shown. 
The energy conveyed through and N.C. from the output circuit is fed into the grid circuit 
J[rom opposite ends of the output coil, the mid-point of which is at approximately the same oscillatory 
potential as the filament. The P.Ds. across the two halves of the output coil are therefore 180° 
oat of phase, as far as the input circuit is concerned, and so the supplies of oscillatory energy through 
the two coupling condensers and N C. are in opposite phases, and tend to neutralise each other. 
Neutrab’sation of the inter-electrode capacity feed-back is therefore obtained by adjusting the 
variable neutralising condenser until the feed-back through it is exactly equal to that through 
The circuit can be redrawn as an A.C. bridge system. The theory of balancing such a Wheat¬ 
stone bridge for direct currents was explained in Vol. 1. The same condition holds for impedances in 
tlie A.C. case as for resistances in the D.C. case; the system is, however, complicated by the fact that 
the voltages in the balancing arms must be equal not only in magnitude but also In phase. 

The neutralising circuit in this form is shown in Fig. 22 (ft). As regards feed-back, the source of 
Energy is the output circuit, which therefore corresponds to the battery in the D.C. case. It will 
be seen that, if the bridge is balanced, no current due to the output voltage can flow through the 
input circuit. The operation of neutralising thus consists of adjusting the variable condenser 



Fig. 23. 

C. until this condition is satisfied. In the circuit as drawn, this would be the case if the capacity 
•tjf N.C. were equal to since D is supposed to be at llie electrical mid-point of AB. In practice, 
owing to the mutual flux-linkage between the two halves of AB, and vaiious stray capacities, it is 
impossible to arrange the tapping point D so as to fulfil accurately the above condition. 

The chief practical result is that the correct setting of the neutralising condenser varies with 
tlie frequency received (K.40, 41). 

The balancing may be mathematically expressed as follows ;— 

II = 

ci)C 


cdL, L = — 


Hence 



From this it follows that the currents in the arms BEA and BDA need not be equal in order to| 
^^chieve the balance. A vectorial representation is given in Fig. 22 (c). With reference to thej 
output volts applied between B and A, the current in BEA will lead, and that in BDA will lag, each' 
by 90°. Under these conditions, the oscillatory voltage across may be in phase with and equal* 
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in ma^tude to that developed acrosa inductance L^. If equals Lj then the output volts will 
be given by a vector twice tiie length of coLj 

Another common neutrahsing circuit and its equivalent bridge are shown in Fig. 23. In this 
case the centre of the input coil is tapped to hlament, and so only half the input voltage is applied' 
between grid and filament. The behaviour of this circuit will be obvious from the figure and the 
explanation of the previous neutralising circuit. The capacity of N.C. is adjusted until the currents 
flowing in the bridge aims, due to the output voltage, produce the same oscillatory P.Ds. across N.C. 
and C,,. No energy can then be fed into the input circuit; this is called the tapped input method. 

With reference to the output volts, the currents in the arms FEB and FGB will lead or lag 
depending upon whether the nett reactance is capacitive or inductive respectively. Assuming the 
nett reactance to be inductive in each case, the current I may lag on the output volts by some angle 
d ; fio long as two current botli lag by the same angle, it is possible to adjust the oscillatory voltages 
across L| and L, to the requisite equality for a balance. If the currents arc also equal (I), a balance 
will result when equals Lj; this is the case represented in Fig. 23 (c). 


In general, we have 


“'I 1 
_Il 


tdLg ^2 



It may be remarked that the variable condenser N.C., in the above circuits, instead of being 
adjusted strictly for neutralisation may be used to control the amount of energy fed back through 
amoiuit of energy fed back through N.C. may be less than the regenerative feed-back 
through Cga, provided the former is large enough to prevent solf-oscillation. In this case N.C. 
may be legarded as a negative reaction capacitive coupling. 

If more energy is fed back through N.C. than through C^^, the damping of the input circuit 
will actually be increased beyond that due to its own losses. This will tend to occur as the capacity 
of N.C. increases above C^„. 

It will be seen, however, that N.C. (and half the input inductance in series with it) is in parallel 
across anode and filament with the output circuit. Considerable increase of N.C. may thus eventually 
result in this total output circuit having a nett capacitive reactance. With a capacitive output 
circuit, the feed-back through C^^ damps the input circuit, while that through N.C. is regenerative, 
and there is therefore a possibility of self-oscillation. 


A neutralising condenser 

N-C-l 
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Fig. 24 


is never likely to be large enough for this to happen, but damping of 
the input circuit by feed-back through C^^ often 
occurs in detector valves. The output circuit is" 
designed, for example, to have an inductive re¬ 
actance at audio frequencies, but its self-capacity 
may be such that at radio frequencies the nett 
reactance of the coil is capacitive, Thus the 
feed-back of radio frequency energy to the input 
through Cg^ is in such a direction as to damp the 
input oscillation and reduce the efficiency of the 
receiver (paragraph 32). 

(8) Push-Pull Circuits.—It has already 
been pointed out (paragraph 27) that with 
properly-matched valves in a push-pull arrange¬ 
ment, and mid-point grid bias, the oscillatory 
current flowing through the H.T. battery and 
common leads may be reduced to an exceedingly 
small amplitude and the risk of resistive coupling 
due to this cause thereby diminished. Owing to its 


(a 

is 

b 


PULL circuit. 
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symmetrical nature, the push-pull arrangement also lends itself readily to the use of neutralising 
condensers for balancing inter-electrode capacitive coupling. Such a neutralised circuit is shown 
in Fig. 24. The neutralising condensers are connected between the anode of one valve and 
Mie ^id of the other. It will be seen that this system combines the advantages of both the 
previous neutrahsing circuits given for one valve, both input and output being centrally 
tapped. 

(9) Four-Electrode (Screen Grid) Valve, or Tetrode. —The characteristics of this valve 
were fully discussed in B.41, and it was pointed out that the intcr-electrode capacity between 
grid and anode could be reduced to an exceedingly small value. Thus the use of such valves 
provides a powerful method of cutting down the feed-back from output to input through 
this capacity, and hence of preventing instability. 

To obtain full advantage from this very loose internal capacitive coupling, it is essential that the 
,^external coupling between output and input should also be reduced to a minimum, i.e., the external 
.screening between grid and anode circuits must also be as complete as possible (cf. B.16, 41). The 
use of metallised valves has considerably simplified this piocess. In the case of Fig. 25 the external 
screening is shown by dashed lines. 



SCREEN fiRID STARE IN AMPLIFIER . 

Fig. 25. 

Erratum —Condensers in tuned anode cinmis should be variable. 


Fig. 25 {a) and (6) illustrates respectively two methods of obtaining the screen voltage from the 
I T. supply. 

(а) A resistance is inserted between H.T. positive and the screen terminal. The screen 

current flowing through this resistance thus produces a P.D., and the screen 
potential is less than that of H.T. positive by the amount of this P.D. Thus, to 
quote some usual figures, the screen current might be 0-5wA with a 50,000 ohms 
resistance. The P.D. across the resistance would then be 25 volts, and, with 
120 volts H.T., the screen potential would be 95 volts. 

(б) A tapping is taken to the screen from a high resistance potentiometer. 
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It should be noted that the screen circuit constitutes an impedance Zg forming a oommou 
coupling between the grid and anode circuits, as shown in Fig. 26. With an oscillatory input 
g between ^d and filament there will, of course, be an oscillatory screen^ 

, current, just as there is an oscillatory anode current. With a finite 

_ I 1 I _I external impedance in the screen grid circuit this oscillatory current would 

* 1 * I set up oscillatory potentials on the screen which would constitute a 

JL -L coupling between the grid and anode circuits partially invalidating the 

^ fzj \z] action of the screening grid. If the screen circuit presents a negligible 

I L *1 LJ impedance, the oscillatory variation of screen voltage will also be negligible, 

I this is achieved by connecting the screen to filament and earth through 

--I a large condenser, presenting a negligible impedance at the frequency in 

use. Thus, as regards oscillatory potential the screen and filament 
may be considered common, although there is, of course, a large 
Fig. 26. constant P.D. between them. / 


35. Tetrode Amplification. —It was seen in Section “ B that the amplification factor m 
and A.C. resistance of the screen grid valve were very high as compaied with those of the 
triodc. This is not primarily because higliei values of these constants could not be obtained with 
triodes, but because nt> advantage could taken of the higher amplifieatkm possible, owing to the 
instability it would certainly produce Ihiough inter-electiocle capacity coupling. Tlie very small 
amount of the latter in the tetrode allow^s a stable amplification stage to be used, while giving a 
much higher V.A.F. 

The theoretical calculation of the V.A.F. is the same as for the triode. Apart from its effect 
on the constants, the extra electrode docs not atfect the algebra of the valve. Thus, with an external 

wR 

resistance K in the anode lead, the V.A.F., as before, is V.A F. -- {z —;— . 

I 

The disadvantage of re.sistance-capacity coupling, from the point of view^ of the extra H.T. 
voltage necessary, lias already been discussed lr)i triodes. In Ictiodcs, the much larger value of 
requires a corresponding increase in the external resistance, to take advantage of its amplifying 
properties, and so this disadvantage is still more pronouiired In general, theiefnie, a tuned 
anode output circuit will be employed, acting effectively at its resonant frequency, as a very high 
resistance. In practical cases, the A.C. resistance of the valve is much higher than that of the tuned 
circuit connected to the anode, and R is almost negligible in comparison with r^. Under these 
conditions an approximate formula for V.A.F. may be used ; b}" substituting for m we have 
V.A.F. - This shows that for high amplification we need a “ high slope ” valve followed by 

a tuned circuit of high impedance (r/. B.44). 

'I'he superiority of screen grid valve amplification may best be seen by a numerical illustration, 
taking from the average values quoted in Section “ B " the following constants for triode and 
tetrode :— 


1 

Sf" 


m. 


mA/volt 

Ohms 


Triode .. 

0-75 

20,000 

15 

Tetrode .. 

0-5 

200,000 

100 
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With an effective external resistance of 100,000 O in each case, the V.A.Fs. are 

[а) Triode :— 

15 X 100,000 

120,000 - 

(б) Tetrode :— 

100 X 100,000 _ 

300,000 

The advantage of the tetrode is obvious, and further, with the figures quoted, the tendency 
to instability would be much less with the tetrode than with the triode. It can also be shown that 
tetrode amplification is more selective. 

Since tetrodes prevent feed-back from the output circuit to the input circuit they frequently 
^act as isolating valves in the first stage of an R/F amplifier, their primary function being to 
i/unimise re-radiation of energy from the aerial. 

Tetrodes are unsuitable in A/F stages where large input voltages are applied between pid 
and filament. The reason for this is explained below. 


36. Pentode Amplification.—In the discussion on dynamic characteristics in B.39 it was 
shown that the slope of the operating cliaracterLtic of a triode with a load in the anode circuit is 
much less than the static slope. This is because a rise in anode current, brought about by a change 
in grid voltage, will produce an increased drop in volts across the impedance of the external anode 
circuit, with a corresponding fall in the actual potential on the anode. This fall in anode volts is 
responsible for a reduction of anode current, so that the latter does not rise to the extent which 
the static characteristic would indicate as a result of the given change in gprid volts. Now an 
examination of the anode characteristics of the screen grid valve, Fig. 31, Section “ B," shows that 
-^for a wide range of anode voltage above tlic screen potential the curve is nearly horizontal. In 
oilier words, fairly large changes of anode voltage have little effect on the anode curreuit, and tboTcfore 
llie slope of a dynamic mutual characteristic is not mucli less than that of the static curva. Thus 
this type of valve practically retains its high amplification factor and mutual coi;wluctanice when in 
operation. This property is very desirable for audio frequency amjilification, but the screen grid 
valve is limited for this purpose because the dip or kink in the anode characteristic^, due to aecondary 
emission effects, limits the available grid swing to half a volt or so. The introduction of the.earthed 
grid in the pentode suppresses the effects of secondary emission, and extends the range of grid 
swing, without distortion of anode current, to 30 volts or more, making the construction an excellent 
one for the power output stage of an amplifier (cf. B.42). 


37. Filter Circuits.—The term ” Filter Circuit ” is used loosely to cover any type of circuit 
used in conjunction with an amplifier to remove undesired frequencies, and thus give selectivity. 
The subject is a very specialised one and is not fully treated here. 
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If it is desired to eliminate audio frequency interference the “ high pass ” circuit shown in 
Fig. 27 {a) may be used. Here, radio frequency currents will pass readily through the condensers, 
while audio frequency currents will find the condensers a path of high reactance, and will prefer 
the short-circuit path through the inductances. 

Fig. 27 (6) indicates the opposite type of circuit, namely, one designed to pass audio frequency 
or direct current, and impede the passage of radio frequency current; it is a “ low pass ” circuit. 

If designed to pass direct current only, as when joined up in the D.C. source of supply to a 
valve receiver, the inductances will have iron cores, and the condensers will have values of the 
order of microfarads. 

The circuit shown in Fig. 27 (c) includes a rejector circuit tuned to a particular frequency. 
Current at this and adjacent frequencies will therefore be unable to pass through it, and must pass 
along the line as required. 

Currents at other frequencies will find an easy short-circuit path through the rejector. 

It is called a “ band-pass filter,*' as it separates a band of frequencies in the neighbourhood^, 
of its resonant frequency from other frequencies which were originally present. Its frequency 
response curve may be compared with that of two tuned circuits mutually coupled. 

The filter must be terminated by the coriect impedance, which is determined by the ratio of 
the capacities and inductances used- 


3B. Note Filler Circuit.- A “Note Filter" or “ Note Selector *’ circuit is used to add a 
further degree of selectivity, by allowing audio-frequency currents of one particular frequency 
only to pass through the telephones. 



the rejectors, and will be magnified and passed 
C.W. signals of other frequencies, however, 
dyne oscillation, will find a short-circuit path 
should not reach the telephones at all. 


This application is of great importance. 
It niakes possible the operation of several 
different channels of communication on the 
same radio frequency, using I.C.W. with 
different modulating frequencies (cf. para-^ 
graph 59). 

Fig. 28 illustrates a typical circuit. It 
represents a combination of a note magnifier 
circuit, with rejector circuits LiCi, and LaCg. 

The heterodyne in the radio frequency 
stage of the receiving gear is adjusted to give 
a note (in combination with the required C.W. 
signal) of the same frequency as that to which 
the rejector circuits are tuned. 

This signal will therefore suffer no loss in 
through the telephones in the usual manner, 
giving other notes in combination with the hetero- 
through the rejector circuits, LiC^ and LjCj, and 


39. A Modern Straight Circuit (T.R.F. Type) Service Receiver.—Fig. 29 represents the 
electrical details of a modern receiver in which the components, aerial isolating stage, tuner, R/F 
amplifier, deteclor, heterodyne oscillator, and A/F amplifier, are all easily discerned (paragraph 
25). The instrument was designed to cover a portion of the L/F and M/F ranges, and to be operated 
from either A.C. or D.C. cathode healing supplies. 

Two alternative methods of connecting the aerial to the set are provided. In one case, the 
aerial is coupled by a differential condenser (1) to the grid of a screen grid isolating valve (2). The 
output from this vLilve is fed across a transformer coupling to the tuner, the H.T. supply to the 
valve being decoupled in the usual manner. This arrangement effectively isolates the aerial from 
the tuned circuits of the receiver, and permits a number of receivers to be used on the same aerial 
without mutual interference. The differential condenser maintains constant the total capacity 
in the aerial circuit, and effectively acts as an inpmt volume control. 
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In the second case, where isolation of the aerial is not desired, the aerial is plugged directly 
into the tuner. 

The tuner consists of a primary and secondary circuit, coupled by means of a variable top- 
capacity couphng ” (D.45 and Vol. I), having a compensating device giving constant selectivity. 
The diagram shows the set in the tune " position, but arrangements may be made to have a less 
selective “ stand-by " position, in which the primary circuit is eliminated and tuning is effected 
by the secondary circuit only, the latter being directly coupled to the aerial. 

The coupling condenser (3) is of some interest, the fixed and moving plates consisting of half 
cylinders, the inner or moving plate being adjustable, by an external dial, in order to vary the coupling 
capacity. Betweem these two plates a cylindrical earthed screen (4) is made to slide in an axial 
direction by a lever which is actuated by a cam attached to the secondary tuning condenser spindle 
(5). The coupling capacity depends on the extent to which the earthed screen is interposed between 
the condenser plates. If it were fully interposed there would be no capacity and the two circuits 
would be completely uncoupled. It is observed in D.45 that capacitive couplings tend to produce 
over-coupling, with consequent loss of selectivity, as the frequency increases ; in this case, over 
coupling is avoided by arranging automatically to decrease the coupling capacity as the frequency 
increases. The .shapi* of the ram is such that the effective coupling capacity varies with the tuning 
of the secondary cii cuit, to give practically constant selectivity over the whole range of the receiver. 
At the same time, the selectivity can be varied by adjusting the moving plate of the condenser by 
an external dial. 

It will be noted that the cylindrical screen (4) is earthed through a condenser, the value of 
which is 1 jar, t.c., 1,000 centimeters. This condenser is very large in comparison with the two 
halves of the top-capacity coupling (3), which have maximum values of 10 centimetres and 20 
centimetres respectively, reading from left to right in the diagram. The coupling between the 
circuits provided by the 1-jar condenser connected to the screen will therefore be very small in 
comparison with that attributable to top capacity. The two circuits arc so loosely coupled that 
it is possible to assume that one circuit does not appreciably affect the tuning of the other; this 
enables one to arrive at a simjrle numerical estimate of the coupling due to the 1-jar condenser. 
The tuned primary ciieuit may be considered to be connected to a cajracity potentiometer, consisting 
of the 10 centimetre and the 1,000 centimetre condensers jomed in senes; the P.Ds. available 
across the latter two condensers will be in the ratio of 1,000 : 10. The 1-jar condenser may now 
be regarded as a source of E.M.F. attached to a capacity potentiometer consisting of a 20 centimetre 
condenser and the 1,000 centimetre condenser, which is pait of the sccondaiy ciiciiit ; the P.Ds. 
available across the latter two condensers will be in the ratio of 1,000 : 20. \"ery approximately, 
the coupling between piimary and secondary circuits is therefore given by the expression 

T. JO 20 2 ^ ^ 

"" iooo ^ 1000 “ io« — 

This coupling is small, even in comparison with the smallest value of coupling factor provided 
by the lop-capacity coupling, the latter assumed to Le acting by itself. In that simple case the 
coupling factor is given by the formula quoted in D.44 ; the minimum value of coupling capacity 
is of the order of 3 centimetres, and hence the coupling factor is given approximately by 

For the above reasons, one may ignore any coupling due to the l-jar condenser connected to ' 
the screen, regarding the latter as being effectively earthed. 

The output from the tuner is applied between grid and cathode of the first R/F screen grid 
valve (6). The R/F stages (6) and (7) are transformer coupled, with secondaries timed, the 
secondary circuits thus forming the tmied grid circuits of the succeeding valve. 

The H.T. supply for the screens of the two R/F valves is controlled by a potentiometer (B) 
wliich ads as a volume control; the usual decoupling arrangements are provided. 
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Tbe detector vaUve (9) operates qn tljo cumulative grid principle, the grid leak (10) being inserted 
between grid and cathode' when using A C. indirectly heated valyes. 

The heterodyne oscillator (11) is of the familiar reversed feed type, employing a tuned grid 
T,>cuit and reaction coil in the anode lead. The heterodyne frequency is mixed with the incoming 
signal frequency by a form of grid injection (F.51), the 4-ohm resistance (12) and the 0-5 \lF 
condenser (13) being common both to the oscillator grid circuit and the tuned grid circuit of the 
detector valve. The resistance and condenser combination presents a high impedance at low 
frequencies, and therefore gives a strong heterodyne coupling; as the frequency increases the 
impedance of the combination decreases, and provides the requisite weak heterod)nie coupling oji 
the higher frequencies. The 100-ohm resistance (14) prevents serious interference with the tuning 
of the heterodyne and detector grid circuits due to their being coupled. 

The output from the detector valve parses through a two-stage low-pass ^Iter (15), having a 
cut-off at 7,000 cycles. Audio-frequencies below 7,000 cycles are passed on to coil (16), across 
which is connected in parallel the transformer primary (17) which serves aSk tlie coupling to the A/F 
^amplifier. 

The note magnifier consists of two A/F stages which may be used as note magnifiers or note 
selectors or a combination of both, the diagram showing the arrangement for one stage of note 
selection followed by note magnification. 

The note selector stage employs the principle of parallel-feeding (cf. N.49), the output impedance 
ruiisisting of a tuned grid circuit, which is transformer coupled (17) and connected in parallel with 
the anode choke (16). The tuned grid circuit is sharply tuned to 1,350 cycles per second, using a 
7-henry inductance tuned by a fixed condenser of 1-jar and a 0* 5-jar variable one. The selectivity of 
the tuned circuits may be made so great that a slight “ ringing '' occurs when a signal is received. 
Tliis is not sufficient to prevent the reading of morse at hand operated speed, but becomes a dis¬ 
advantage when high speed automatic reception is necessary. A selectivity control (18) is therefore 
used which introduces resistance into the tuned grid circuit, reducing the decrement from about 
to 0*3; damping is introduced with consequent reduction of selectivity. The transformer 
coupling also serves to render inappreciable the damping of the tuned circuit due to the anode-filameut 
impedance of the preceding detector valve ; for this purpose the primary of the transformer has a 
sm.dlcr number of turns than the secondary, a very high step-up ratio being used. This is equivalent 
to a very weak coupling, the resistance leflected from the secondary circuit to the primary being 
vt ry small and given by KIT^, where K is the secondary resistance and T is the transformer ratio. 
l^)y reciprocal action the eifect of the primary on the secondary is equally small, and may be con- 
Mclered equivalent to a very large resistance in parallel with the tuned circuit. The voltage 
amplification of the stage due to transformer step-up effect is about 1:1. 

The second A/F stage i.s shown in the note magnifier position. Parallel-feeding is employed 
ioi the tuned grid circuit constituting the output imj>edance, the latter employing the same com¬ 
ponents as in the preceding stage. In this case, however, the circuit is highly damped, due to the 
replacement of transformer coupling by choke-capacity-CQupling ; the anode-filament impedance 
fjf the previous valve is, in effect, connected in parallel with the tuned grid circuit which has a very 
much larger impedance at resonance. As a result of this, the resonance of the tuned circuit is so 
fiiittened that the stage is unselective, and gives a fairly even response from about 200 to 2,000 
cycles per second. 

When the circuit is arranged for two stages of note magnification the first A/F stage is similar 
the one described above. 

Other features of interest include the provision for using either D.C. valves or A.C. indirectly 
ii^dted valves, in which respect the diagram is considered self-explanatory ; there is also the hum 
l^tentiometer (19), a “bum dinger," tbe operation of which is described in N.63. Automatic 
^id bias (N.41) is obtained in certain cases by means of resistances inserted in the catfiodc leads, 
suitably by-passed by condensers. 

40, H/F AmpIificaUpn, —Owing tp the difficulty of designing suitable output circuits, the 
*Ueihods of R/F amplification so far described become inefficient at high frequencies, and different 
Methods must be employed. 
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In this section, references to H/F amplification are intended to be used in a general sense to 
cover the whole band of intermediate, high and very high frequences {<^. Prefatory note on 
Nomenclature of Waves). 

f 

41. Difficulties of H/F Amplification. —The general methods of amplification already 
discussed in this section (with the exception of reaction), depend for their success on the possibility 
of designing an output impedance which is comparable with, or, if possible, greater than the A.C. 
resistance of the valve. This is comparatively simple for low and medium frequencies and the 
lower intermediate frequencies, but is rendered impossible at higher frequencies by the presence of 
unavoidable capacities, which by-pass the high-frequency currents. 

The self-capacity of the coil or resistance used as output impedance, the anode-filament 
capacity of the valve and the grid-filament capacity of the next valve, are all in parallel across the 
output of any amplifier stage, and so the total output impedance cannot be made greater than the 
combined reactance of these three capacities. An average value for this reactance at 20,000 kc/Sr- 
say, would be about 5,000 ohms, which is, of course, much less than the A.C. resistance of any valve 
used for radio-frequency amplification. This difficulty in obtaining efficient amplification applies 
equally both to triodes and tetrodes, as may be illustrated by calculating the amplification obtained 
with an output impedance of 5,000 ohms for the two valves considered in paragraph 35. 

The V.A.Fs. are :— 

[a] Triode— 


V.A.F. = 


15 X 5,000 
25,000 


(6) Tetrode— 


V.A.F. 


100 X 5,000 
' 205,000 


The amplification obtained is thus very small in both cases. Further, in the case of a triode 
amplifier its external impedance is likely to have a nett capacitive reactance on the higher frequencies 
which it is designed to receive. When this occurs, the feed-back from the output to the input circuit 
through Cg^ is such as to damp the input and reduce the total amplification still more. On the 
other hand, if the output reactance is not capacitive, the tendency to self-oscillation will be strong, 
owing to the large regenerative feed-back through the reactance of which decreases as the 
frequency increases. 


42. Methods of H/F Amplification.—Of the methods of radio frequency amplification 
already discussed, there remains only one, viz., amplification by the use of reaction, which is 
Suitable for H/F reception. In addition to the T.R.F. type there are available two general types 
of receiver which have not yet been mentioned. These are :— 

(i) Super-heterodyne receivers. 

(ii) Super-regenerative receivers. 

The ordinary methods of note magnification after detection are obviously still available. 

It should be noted that the super-heterodyne receiver is also widely used over the L/F and 
M/F wave bands in both Service and commercial practice. 


43. General Features of H/F Receivers.—Before proceeding to the discussion of methods 
of amplification, some general points about high frequency receivers may be noted. 

(I) Untuned aerials are generally used. High frequency receivers, as will be seen below, 
normally contain self-oscillatory circuits, and, unless special precautions are taken, enough radiation 
may take place with a tuned aerial to cause interference with other sets in the neighbourhood. 
This radiated energy also increases the damping of the receiver, and is likely to be variable, as the 
unavoidable small changes in the natural capacity of the aerial vary its natural frequency. This 
renders the operation of the receiver spasmodic, and may, on occasion, damp the self-osciUatory 
stage so much that oscillations cease altogether. 



Section '*F." 


(2) When building a receiver to work over a considerable range of frequencies, it is not always 
ia simple matter to design an aerial whose natural frequency lies outside the required range. For 

his reason the coupling between the aerial circuit and the first valve circuit Is made as 
oose as possible, the necessary amplification being obtained in later stages. This may be 
achieved by resistance coupling, or the use of a coupling condenser of small capacity. Another 
common method, which may be used in conjunction with the above, is to insert as first stage a valve 
circuit which give little or no amplification, but serves as a further device to Isolate the self- 
oscillatory stage from the aerial. A screen grid valve is more efficient for this purpose than a 
triode, since the coupling between output and input circuits by inter-electrode capacity is con¬ 
siderably less. 

(3) To avoid the introduction of self-capacitive by-pass paths, which are inevitable when 
inductances are tapped for tuning purposes, plug-in coils are used to cover the different frequency 
ranges. The winding of these can be arranged to minimise self-capacity effects over the range 

tfcr which they are designed. 

(4) As far as possible, the use of long leads is avoided. The impedances of leads may be 
quite appreciable at high frequencies, and, instead of acting as good conductive paths, they may 
display considerable opposition to the passage of high frequency currents. To reduce their imped¬ 
ance to a small value, large condensers may be inserted between the leads and earth. These are 
commonly known as " high frequency earths.” 

44. Reaction Receivers for H/F Work.—The principles underlying the use of controllable 
reaction to increase the strength of incoming signals have already been considered, and various 
amplifiers embodying it have been described in this section and Section “ D.” Another common 

type of reaction is illustrated in 
Fig. 30. This may be described as 
capacity-controlled magnetic 

reaction. The amount of energy 
fed back to the input circuit via 
the coupling coil is controlled by ad¬ 
justment of the variable condenser. 
This renders control of the amount 
of reaction much smoother than in 
the case of simple inductive re¬ 
action obtained by varying the 
adjustment of a swinging coil in 
the anode lead ; moreover, the 
tuning of the LC circuit is not 
subject to the alterations neces¬ 
sarily imposed by the “ swinging 
coil ” method. The valve in Fig. 
30 will normally be the detector 
valve, since earlier amplifying 
stages arc ineffective, and it will 
be seen that there are two parallel paths from anode to filament in the output circuit, one through 
the reaction circuit and the other through a choke. The current through the detector valve 
contains both radio and audio frequency components; the choke presents a relatively low 
inipedance to audio frequency oscillations, but a higli impedance to radio frequencies; the 
Reaction circuit acts in exactly the opposite manner, and so the radio and audio frequency output 
components are separated. The radio frequency component returns to filament via the reaction 
circuit. It is thus all usefully employed, and, further, is kept out of the audio frequency stages. 
The audio frequency component passes on through the choke to the telephones or first note 
Magnifier stage, as the case may be. 

Reaction receivers give the best results, from the point of view of signal strength and selectivity, 
^hen reaction is increased close up to the point where self-oscillation takes place. There is the 
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disadvantage tliat any Ibbal di5tul4)a:Ace such as irtegularitifes in filament emission, filament vibration, 
and battery noiseS, kre also magnified. Iliefe is tihtfs a ba'ckgt'omid oi lextTanfeotiS troise in the 
telephones, known as mush," in addition to the note produced by the incoming signal. 

In modem receivers, the reaction control is usually sufficiently sensitive to permit close approach 
to the oscillating point, without actually causing self-oscillations. In some of the older receivers 
the control was coarse, and receivers were often operated in an unpleasant oscillating condition 
which seriously distorted the note on any incoming signal. 

Inductive reaction is described in Section 
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" D,’* simple capacitive reaction in paragraph 
32, and another form of capacity-controlled 
magnetic reaction in paragraph 46, Fig. 33. 
Fig. 31 represents an improved form of 
capacity-controlled magnetic reaction employe 
ing a differential condenser ; the latter varies 
the capacitive impedance in the reaction 
circuit, but maintains constant the total 
capacity in parallel with the reaction coil, so 
that alteration in the amount of reaction does 
not greatly alter the tuning. Here again, the 
valve is the " detector/' and the A/F output 
is shown to be resistance-capacity coupled to 
the next stage. 

45. Threshold Howl in Reaction 
efeivetdWhen the detector valve of a 
reaction Receiver employing cumulative gtid 
detection is followed by a tiansfoimer-couplod 
stage ol note rnagnilicatioiis it may happen that 
reaction increased too much, sclt-oscillatidns 
commence, and k loW Irexiuenty oscillatibn 
is also produced, whidi is evident in the 
telephohes as a continuous note. Tins pbe- 
nomenon is knoWn as “ threshold howl.” The 
note lises ill pitch as the i taction is intrea'sed. 
As mrentroned abo\’p, greatest sensitivity is 
obtained by operating reaction receivers jWst 
below the oscillating point, so that the occlir- 


lence of threshold howl is particularly possible 
and undesirable. It becomes really serious in the case of the auloLlyiie reception of C.W., since 
it occurs just nt the most sensitive point for oscillation and detection. 

The production of this howl is due to the audio-ficquency change in anode current on which 
detection depends. In cumulative grid detection this change is a decrease (Section “ D and the 
better the conditions for detection, the greater Will it bo. The anode current flows, of course, 
through the e?ttemal inductance in the anode lead and st) a back E.M.F. is set up in this inductance. 
When the anode current is decreasing, this back E.M.F. is in such a direction as to assist the H.T. 
bkltery, and therefore increases the voltage applied to the anode. As the amplitude of the high- 
freqtifency sclf-oscillations is proportional to the anode voltage, it follows that these o&cillation;>, 
build up to a larger amplitude than would be the case if the external inductance were absent. Wlien 
the anc^e current reaches its lowest point and is momentarily steady, the back E.M.F. disappears 
and so the amplitude of the self-oscillation decreases. 


As the anode current rises again to its initial value, the back E.M.F. Will be in the reverse 
direction, i.^., opposing the H.T. battery. Thus the anode voltage is still further decreased and the 
amplitodo of the self-oscillations falfe correspondingly. When the anode current steadies and the 
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anode voltage is simply that due to the H.T. battery, the amplitude of self-oscillation rises again 
and the cycle of events is repeated. The result is that the amplitude of the high-frequency oscillations 
is modulated at an audible frequency, and a howl is heard in the telephones. Fig. 32 is a possible 
• picture of the oscillation. 

H/F DSCILLatiqN 


A/f HDVVI. 


Fig. 32. 

A similar effect would tend to be produced in an anode bend detector with a condenser in the 
liigh frequency output circuit, as in this case both the audio frequency change in anode current 
and the back E.M F. across the condenser are in the opposite direction. 

In many cases this audio frequency swing is rapidly damped out, and the effect does not attain 
the dimensions of a “ liowl.'' In a circuit of this kind, however, transient damped oscillations, 
Minilar to the type described as “ mush ” above, tend to be accentuated and to increase the back¬ 
ground of noise in the telephones. The tendency towards audio frequency self-oscillations by 
hack coupling with the later stages of note magnification is also encouraged. 

The inclination to howl is generally only pronounced when the output choke is of large inductance, 
and there is a large audio frequency drop in anode current. For instance, the choke used to separate 
the R/F and A/F components in the circuit shown in Fig. 30 may be large enough to carry out its 
function without necessarily setting up threshold howl. 

The rise in pitch of the note with increasing reaction is due to the decrease in the time constant 

of the circuit, where L is the output inductance and R is the total series resistance through which 
K 

Ihe audio frequency current flows. This resistance, since it includes the valve A.C. resistance, 
increases as the mean grid potential runs more negative, which will be the case with increasing 

uaclion because of the increased amplitude of the oscillatory grid voltage. Hence decreases as 

the reaction increases, and the pitch of the note rises. 

The simplest method of obviating threshold howl in a reaction receiver is to modify the nature 
of the output impedance. In the case considered above, a purely inductive output produces audio 
frequency variations of anode voltage in the correct phase to the anode current variations to main- 
iain self-oscillation, and this phasing is fairly critical. The phasing conditions for the maintenance 
of these A/F oscillations are the same as for any self-oscillator; the oscillatory anode volts should 
be as nearly as possible in anti-phase with the oscillatory grid volts (cf. K.6). There is no possibility 
of threshold howl with an output circuit employing resistance-capacity coupling to the next stage 
(paragraph 32). 

It is possible to preserve, to some extent, the greater amplification of transformer coupling, 
while preventing threshold howl, by shunting the transformer primary by a resistance. This alters 
the phase of the audio frequency P.D. developed across the output, and therefore the anode voltage i 
variation, sufficiently to prevent self-oscillation. The value of the resistance can be kept high 
f^nough, however, to give sufficient audio frequency current through the trainsformer primary to 
obtain greater amplification than would be the case if a pure resistance-capacity coupling were 
used. 
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The grid bias in a cumulative grid detector may also be altered from its best value for detection, 
i.e., made more negative. Obviously this also reduces efficiency, but the smaller audio frequency 
^decrease in anode current lesstms the tendency to oscillation. 


46. Typical Service Reaction Receiver. —A modem Service receiver employing reaction 
and designed to cover the I/F and H/F bands is shown in Fig. 33. The aerial is untuned, and is 
loosely coupled to the first stage by resistance coupling. Two stages of tuned anode radio frequency 
amplification using screen grid valves are provided, but only give efficient amplification on the 
lower frequencies. One or both stages may be employed, and a plug and jack fitting is provided on 
the grids for this purpose. At higher frequencies the first stage is not used, and the second stage 
is mainly useful as an isolating valve. The third valve is a cumulative grid detector, the appro¬ 
priate grid bias being obtained by a tapping from a potentiometer across the filament terminals. 

V jCapacity-controlIed magnetic reaction is employed in this stage. One, two or three stages of note 
magnification may be used as shown. The output choke in the first audio frequency stage gave 
rise to a tendency to threshold howl, which was countorarted by adjusting the grid bias of the 
detector, as mentioned above, and by shunting the choke with a large resistance. The careful 
screening, and the de-coupling condensers and resistances should also be noted. 


47. Principles of Super-heterodyne Receivers. —Invented in 1917, the general principle 
of these receivers is to heterodyne the incoming H/F signal with a locally-generated H/F oscillation, 
the frequenc}^ difference between the two oscillations bring arranged to lie well above the audible 
limit, i.e., to be supersonic and of low radio frequency The resultant oscillation is rectified, and 
the low frequency component can then be efficiently amplified at a convenient ficquency, by the 
ordinary low frequency methods, before final detection and note magnification. The advantages 
of radio frequency amplification are thus preserved, while avoiding the difficulties incidental to its 
^ application at the frequency of the incoming signal. This use of amplification at a frequency 
intermediate between that of the incoming signal and an audible frequency gives this circuit its 
name of super-heterodyne, or supersonic heterodyne receiver. The method is convenient and 
efficient, and is widely used, even at those lower frequencies whore the ordinary methods of 
amplification can also be employed. The amplification at a fixed frequency in the intermediate 
stages simplifies tuning adjustments considerably. 

Fig. 34 is a schematic diagram of a superheterodyne tuner amplifier. The input R/F signal of 
frequency passes through an isolating stage to the first detector. The first local oscillator supplies 
an input of frequency/g; a fixed supersonic beat frequency /i^/a is passed on to the S/F amplifier. 


INPUT 
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SCHEMATIC DIAGRAM OF A SUPERHETERODYNE TUNER AMPLIFIER 

Fig. 34. 

Following this stage, with modulated signals such as R/T, is a second detector and A/F amplifier. 
In the case of C.W. signals an audible result can only be obtained with the help of a second oscillator, 
adjusted so that the beat is within the audible range. 







1 iG. 35, 












SEdTION P.’^ 


48. A Modern L/F Superheterodyne W/T Aeceiver. —The principle will now be further 
discussed with reference to a modem Service superheterodyne receiver shown in Fig. 35. The 
atrial, as before, is untuned, and the first R/F stage is a screen grid valve with tuned transformer 
output, mainly included to act as an isolating stage. 

The aerial input is applied by means of a differential Condenser which, while maintaining 
constant the capacity to earth in the aerial circuit, acts effectively as an input Volume control. 
The differential condenser consists essentially of two condensers in series, and rotation of the movable 
plate alters the ratio of the capacities of these condensers, the nett capacity remaining constant. 
With powerful input signals, the input oscillatory volts between grid and fdament may be reduced 
by decreasing the reactance of the lower condenser of the combination. To do this the moving 
plate must be brought to the lower position to cover the lower fixed plate ; the lower capacity will 
then be a maximum and the reactance a minimum. An input control of this nature is necessary, 
.since, otherwise, powerful signals might suffer partial rectification at this stage. 

Vg is the first local oscillator, and is coupled to the grid circuit of V, by an untuned mutual 
link circuit, all these precautions being designed to minimise coupling to the aerial as much as 
possible. The combined oscillations due to the mcomhig signal and local oscillator are applied 
between the grid and filament of V 3 , which is a cumulative grid detector. The beat frequency is 
30 kc/s. in this model. The high frequency component of the output is mainly by-passed to the 
screen, and the 30 kc/s. oscillation, which is of constant amplitude if C.W. is being received, but is 
modulated at audio frequency in the case of an T C.W. signal, is passed on to the grid-filament 
circuit of V 4 by the transformer coupling shown The resistance R in the grid lead of V 4 is known 
as an R/F stopper. Any residual R/F potential difference developed al the terminals of the 
transformer secondary is applied across R and the grid-^filutnciit capacity in series. At high 
radio frequencies the resistance of R is much greater than the reactance of €„/, so that only a small 
proportion of the total P.D. is applied between grid and filament. At supersonic frequencies the 
reverse is the case, and so R acts as a device for cutting down R/F input voltages without sensibly 
affecting S/F input voltages. V 4 and V 5 provide two stages of amplification at 30 kc/s., using 
tuned transformer coupling. The amj)lifi(‘d oscillation is detected in V 7 , the methed of cumulative 
grid rectification again being employed. Vg and Vp are stages of note magnification. The resistance 
in the grid lead of Vg periorms a similar function to that in the grid lead of V 4 , filtering S/F and A/F 
potential differences. WJien l.C.W. is being received, the incoming signal is modulated at audio 
frequency, and so an audio freque^ncy note is obtained by detection in V 7 . In the case of C.W., 
however, provision must be made for heterodyning the 30 kc/s. oscillation so as to produce an audio 
frequency note. This is accomplished by means of another separate local oscillator V^, as shown ; 
the tuning of the latter is fixed. 

It will be seen that the only tuning adjustments required are in the output circuit of Vj, the 
first local oscillator V 2 , and the grid circuit V 3 , so that in .spile of its apparent complexity the 
circuit is simple to operate. 

The curves of Fig. 36 and Fig. 37 give a pictorial representation of the process taking place 
at each stage in any superheterodyne receiver. 

49. Selectivity of the Superheterodyne Receiver- Choice of S/F.— The superheterodyne 
circuit is very selective, and this is one of the chief reasons for extending its use down to the low 
frequency range, where the less elaborate circuits of the earlier portion of this section can give 
efficient amphfication. 

Suppose we wish to receive a signal on 1,000 kc/s., using a heterodyne frequency of 960 kc/.s., 
in order to give an S/F of 40 kc/s. Any adjacent channel interference on (say) 990 kc/s. would 
produce a beat note of 30 kc/s., and would easily be stopped by the I/F circuits tuned to 40 kc/s., 
since it is 25 per cent, off resonance. In this way the interfering signal is very much weakened 
compared with the wanted signal by the time it reaches the second detector valve ; ^^he lower the 
S/F, the greater the adjacent channel selectivity. 

It is important, however, to note that although the adjacent channel selectivity of a receiver 
with a low I/F is very high, there are two incoming frequencies at which a given setting of the first 
local oscillator will give the same beat frequency. Considering the above numerical example, an 
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unwanted signal on 920 kc/s. and a wanted one on 1,000 kc/s. will both give a note beat of 40 kc/s. 
Interference of this kind is known as second channel interference, the elimination of which neces¬ 
sitates pre-selector circuits capable of discriminating between 1,000 kc/s. and 920 kc/s. ; this jer 
not too easy a matter, since there is a percentage difference of only 8 per cent. Where the first 
oscillator cannot be separately controlled, this type of interference can only be avoided by a careful 
choice of the S/F beat frequency, having regard to the interfering frequencies most likely to be 
encountered. In cases where the first oscillator is controllable, considering the above numerical 
example, the practical method would be to change the heterodyne frequency of the first oscillator 
to 1,040 kc/s. in an attempt to eliminate the interference. 

It is interesting to consider the effect of changing the intermediate frequency to some higher 
value such as 400 kc/s. In this case we will suppose that we wish to receive a signal on 1,000 kc/s. 
using a heterodyne frequency of 600 kc/s. to give a 400 kc/s. beat note. The possibility of second 
channel interference on 200 kc/s. need hardly be considered, since it could easily be eliminated by 
the tuned circuits. The situation is not so favourable, however, in the case of adjacent chaniiS 
interference on say, 990 kc/s. ; the latter would produce a beat note of 390 kc/s., and it will be 
difficult to eliminate that in S/F stages tuned to 400 kc/s. 

Tlie choice of the intermediate frequency varies with the use to which the superheterod 3 me 
receiver is to be put, or with the type of selectivity which it is desired to achieve. Tlic simpler 
commercial domestic R/T receivers are required to possess a high degree of lieedom from '' second 
channel interference ; since the frequency of the first oscillator is usually not under separate 
control, this i.s most easily arranged by using a relatively high intermediate frequency (from 100 to 
500 kc/s.), the values 125 kc/s. and 450 kc/s. being commonly found. A high degree of protection 
against adjacent channel interference is not usually required. In the case of receivers used mainly 
for W/T piirpo.scs, separate control of the first oscillator is usually provided, and second channel 
interference is usually avoidable by placing the heterodyne frequency above or below the wanted 
signal, as described above ; to provide a high degree of protection against adjacent channel inter¬ 
ference relatively low intermediate frequencies ol the order of 40 kc/s. are used, 20 kc/s. being about 
the limiting value. 

In cases where these receivers are required to woik only in the H/F band, satisfactory adjacent 
channel .selectivity can be obtained with proportionately higher intermediate frequencies ; for 
working on 25,000 kc/s an S/F of 120 kc/s. be used (c/. paragraph 50). In commercial receivers, 
values up to 500 kc/s. may be found, 

50. A Modern H/F Superheterodyne W/T Receiver.—Fig. 38 represents, diagrammatically, 
the electrical details of a receiver of more advanced type than that shown in Pig. 35 ; with suitable 
care it is capable of giving high amplification and selectivity from 3,000 kc/s. up to fiequencies of 
the order of 23,000 kc/.s 

The receiver is divided into six screened compartments containing, respectively, the aeria^ 
timer, R/F amplifier, first detector, intermediate frequency amplifier together with the second 
detector and A/F amplifier, the first heterodyne oscillator, and the second heterodyne oscillator. 

The aerial tuner is a closed oscillatory circuit in which the inductance is made in two halves 
with a space between them, and with right and left-hand windings syrtrunetrically disposed about the 
centre point which is connected to the case and earth terminal. In tiie central space is a coupling 
coil, consisting of two turns wound in opposite directions and capable of moving between the two 
halves of the aerial inductance ; this coil forms a portion of tuned grid circuit of the R/F amplifier 
stage. The object of the unit is to enable the input impedance of thfe receiver to be varied in order 
to match approximately the impedance of any aerial system which might be used ; the right and 
left-hand windings give an additive effect from the anti-phase input obtainable from an aeria* 
system balanced with respect to earth. 

The aerial inductance is provided witli three pairs of symmetrical tapping points to which the 
two aerial terminals A and 13 can be connected by flexible leads and plugs, assuming that the aerial 
is a dipole aerial, or double array with feeders balanced to earth. When the aerial circuit is tuned, 
the impedances between the pairs of tapping points are approximately 100 ohms, 500 ohms, and 
2,500 ohms respectively, half these values representing the impedance between one tapping point 
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and earth. Intermediate values of the effective impedance can be obtained by varying the coupling 
between the aerial circuit and the R/F amplifier circuit. It is therefore possible to match approxi¬ 
mately the impedance of any aerial system [cf. R.32), by choosing the appropriate tapping pointy 
and varying the coupling. 

Where balanced aerials are not employed connection will usually be made to one of the aerial 
terminals, say A. The receiver may thus be used with open wire aerials of any length, with 
Beverage aerials, or distant aerials and arrays connected to the receiver through feeders, one side 
of which is earthed. 

The R/F amplifier stage has a tuned grid circuit, tuned by a variable condenser with the value 
of 0-2 jar. The valve is a screened high frequency pentode, employing a 2-volt filament which is 
connected to a 4-volt supply through a 10-ohm resistance in each leg. These resistances serve to 
decouple the filament circuit of the valve, the negative side of which is shunted to the case through 
a by-pass condenser of value 0 ■ 1 fxF. The potential drop in the resistance on the negative side 
also provides the requisite bias to the control grid of the valve, the connection being made th^ougl^ 
a 100,000 ohm resistance to the earthy end of the tuned circuit. Resistances (1) and (2), together 
with low resistance (3), form a potentiometer across the H.T. supply, and give the requisite potentials 
to the screen grid and suppressor grid respectively. The screen is connected to the filament negative, 
lead by the by-pass condenser (4). 

The output of the R/F valve is applied to the grid circuit of the first detector valve by means of 
a transformer coupling. 

The H.T. supply to the valve is decoupled by a 1,000-ohm resistance and a 0 -1 (iF condenser, 
an arrangement which is common to the other stages. 

The first detector is also a screened HjF pentode valve, and the arrangement and decoupling of 
the supplies to the filament, screen, and anode, are similar to the R/F stage. The R/F transformer 
preceding this valve has a tuned grid inductance which has a third winding forming part of the 
coupling system between the R/F heterodyne and the first detector. The grid condenser (5) for 
the detector valve also forms part of the heterodyne coupling, and is connected between the earthy 
end of the grid circuit and the filament negative. The grid leak (6) has a resistance of 1 megohm, 
and is joined between the earthy end of the grid circuit and filament positive. 

The R/F heterodyne has a Hartley circuit (K.7) employing a triode valve with a 2-volt filament, 
which is decoupled with two 5-ohm resistances in the legs, and a 0-1 fxF condenser. The tuning 
condenser has a maximum capacity of 0-2 jar, but, for final tuning, a very small variable condenser 
is joined in parallel with the main tuning condenser. The anode of the valve is connected through 
a 0*0002 (iF blocking condenser and a 5,000-ohm resistance to the coupling coil on the detector 
tuning inductance. This method of coupling is found to give sufficient heterodyne strength on all 
frequencies with the minimum of interaction between the heterodyne and signal frequency circuits. 
Since the heterodyne oscillator is separately controlled, it may be set either above or below the^ 
incoming signal frequency, if it is necessary to avoid second channel interference. 

The output from the first detector valve is applied to the centre point of the primary inductance 
of the first S/F transformer. Both the primary and secondary are tuned to 120 kc/s. by semi- 
adjustable condensers. The coupling between primary and secondary is fixed, and gives approxi¬ 
mately optimum coupling (paragraph 19) between the two tuned circuits under working con¬ 
ditions. The transformer is enclosed in a separate earthed copper screen. The secondary circuit 
of the first S/F transformer forms the grid circuit of the valve in the I/F stage. Negative bias is 
applied to the grid by the method used in the R/F stage. The screen grid supply is controlled by 
a 7,500-ohm variable potentiometer which is connected in series with a 20,000-ohm fixed resistance 
across the H.T. supply. This potentiometer is used to vary the amplification of the receiver (it 
alters and acts as a volume control. The output of the I/F valve is applied to the second 
detector by connection to a second S/F transformer similar in form to that already described. 

The second detector is a sheened HIF pentode, the input circuits to which are conventional in 
nature. 

The output from the detector is applied to an output triode by means of a step-down transformer, 
the primary of which is tuned to approximately 1,200 cycles by means of a 1-jar condenser which 
also sieTvts as an R/F by-pass. A 100,000-ohm resistance is also shunted across the transformer 
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primaiy circuit to flatten the tuning, which would otherwise be rather too sharp for aural reception 
of some H/F stations. 

In the case of the triode output valve, the whole of the filament dropping resistance is placed 
^n the negative leg in order to supply a greater negative bias to the grid. The A/F output is applied 
to 'phones through the usual telephone transformer. 

The second heterodyne is required for C.W. reception, and it is generally advantageous to use 
it for I.C.W. also, since it greatly increases the efficiency of the detector on weak signals ; it should 
not be used when it is desired to maintain the quality of the I.C.W. note, or for listening to R/T 
transmissions. The self-oscillatory circuit is of conventional reverse feed type, employing a reaction 
coil and tuned grid circuit. The anode of the heterodyne valve is coupled through a 0*0002 pF 
blocking condenser to the grid condenser of the second detector valve. The frequency of the 
second heterodyne is set to 120 kc/s. ; a small variable condenser permits a change in frequency of 
about 5 kc/s, on either side, the frequency being 120 kc/s. when the condenser is in the middle of 
^ its travel. 

■ ^ In operating the receiver, the aerial coupling should fiist be set at its maximum value, and the 
four tuned circuits set to the desired frequency from the CLilibration curves. The second heterodyne 
should be switched on and its variable condenser set to the centre of its travel. The screen potentio¬ 
meter (volume control) should be set to a position where valve noise is reasonably small. 

With these settings, “ .searching " may be conducted by varying the setting of the condenser 
controlling the first heterodyne frequency. When the required signal is found, the four tuned 
circuits should be finally adjusted, and the aerial coupling reduced until the strength of signals 
just begins to fall. The fine adjusting condenser of the first heterodyne should then be used to 
bring the signal note to the dead space, alter which the second heterodyne condenser may be detuned 
on either side to give a good readable note. Finally, the volume control may be adjusted to give 
reasonable signal strength. The band width pas.sed by the intermediate frequency amplifier is 
of the order of 7 kc/s. 

^ Second channel interference ma}^ occur from a powerful transmission differing by exactly 
240 kc/s. from the signal frequency ; if present, it may be eliminated by setting the first heterodyne 
frequency on the opposite side of the signal frequency. 


51. Frequency Changing and Frequency Changer (Mixer) Valves.—The frequency 
changer is the heart of the superheterodyne receiver and has been the .subject of much development 
work since 1929 (B.43). The methods so far described are by no means the only ones available. 

The general requirement of frequency changers may be put upon a broader basis by realising 
that, in all cases, the object is to produce a difference or beat frequency betwreen the signal 
frequency and that of the heterodyne oscillator; in simple receivers without a separate oscillator 
frequency control, the oscillator frequency is usually the greater of the two. From the work in 
^'^ection “ D " on detection, it will be realised that beat frequency currents in the anode circuits of 
valves depend for their presence on the asymmetrical working of the latter; the anode current 
waveform must resemble that shown in Fig. 36 to represent the mean anode current after the first 
stage of detection, suitably modified if anode bend detection is used. 

For the purposes of classification, frequency changing may be accomplished in any of the follow¬ 
ing three ways :— 

(A) The signal and heterodyne inputs may be injected in series between the cathode and 

control grid of a valve working as a detector, usually of the anode bend type. 
(Grid injection, and cathode injection). 

(B) The signal input is applied between the control grid and cathode of a valve working 

as a detector, and the heterodyne oscillation is applied to the anode circuit in 
series with the H.T. voltage. (Anode injection.) 

(C) The signal and heterodyne inputs are separately applied to two grids of a multi¬ 

electrode valve ; the latter may be of simple or complex construction. (Electron 
coupling.) 
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The method of frequency changing to be employed depends upon general design considerations, 
space, and cost. It may be said that, where the latter two conditions permit, the best results are 
usually obtained by using two separate valves, one to generate the oscillation and the other to 
‘‘mix the frequencies. The requirements of the modem domestic R/T superheterodyne receivef 
have been the main stimulus in the development of the single valve frequency changer, but it 
should not, however, be inferred that the latter possesses no advantages apart from a considerable 
economy in space and cost. 

In all cases the oscillator must be as free from harmonics as possible, in order to avoid the 
introduction of audible whistles produced by unwanted transmissions. The latter difficulty is 
the source of one of the faults which form a criterion of comparison between different receivers ; 
other faults include a tendency to cross modulation on strong signals, and the presence of 
unwanted coupling between the oscillator and signal circuits. The latter produces pulling or 
interlocking of these circuits when receiving weak stations, or working on high frequencies. 

TYPICAL CASES OF (A).—Figs. 35 and 38 illustrate the scries injection of the two inputs 
between cathode and control giid of the mixer valve. (Grid injection.) 

Fig. 39 (6) represents a one-valve frequency changer, a tetrode, employing the coupling known 
as cathode injection. Considering the oscillator portion of the circuit, components (2), (3) and (4) 
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^ self^tiflatory cittuit of ordin4ry re'^ers^ feed type, described 4^ tui^ ckciiit 
betiveen anode A'Ad tithOde with tnutual indwctive gk^id‘excitation (K.21). The cathode ccfil (4) 
is cotnmon both to the oscillator and signal input circuits; automatic grid bias is provided by 
resistance (1), and the valve functions as an anode bend detector, giving riSte to the usual high 
frequency tenUs in the anode circuit, together with sutn ahd diffeience terms of the oscillator and 
signal inputs (Section “D," and N.19). The difference frequency comiMinent is selected by the 
tuned Secondary circuit in the usual way. 

Fig. 39 (c) represents a more complex method of acliieving the same result. The valve is a 
triode-pentode, the triode portion being the oscillator, and the pentode portion the detector. 
Cathode injection is again employed, the cathode coil (4) being common to the oscillator and signal 
input circuits. This valve was developed in 1934, and may be consirlcrcd to repie.scut llie best 
features of the single valve frequency changers employing an external coupling between the two 
portions. Anode bend detection of the two inputs m series provides the requisite beat frequency 
currents in the anode circuit. 

It Will be observed that there is essentialty no dilfcrekce between grid injection circuits 
(Fig. 35) and cathode injection. In the case of the laLler, the small P.JT at oscillator frequency 
which ii developed between the cathode and aUode produces a result which is unimportant, since 
the mutual conductance is so much bigger than the anode conductaiioe. 

TYPICAL CASES OF (B).—Fig. 39 (a) lepresents what is known as aflode injection. 
In this case only the signal frequency is rectified Wlrcn ihe separate oscillcitor is not functioning, 
the receipt of i C.W. signal produces an R/F \njiij)om%it in the anr)de circuit aUd giv6s a steady 
increase in the mean value of anode cun cut, the value of which depends on the square uf the input 
grid voltage, assuming the mean anode volts to remain constant. When the local oscillator is 
working, it injects an oscillatory component into the anode voltage which works into phrase and out 
of phase, at the beat fiequency, with the K/F component from the signal input. WJien tl^y arc in 
j)hasfe the mean anode voltage is greatest and the increase in mVan anode curient due to rectification 
of the signal is least ; the mean anode current therefore also varies at the beat frequency, due to a 
process which is stroboscopic in action, and to a valve which is ndju.sfcd to woik asymmetrically, 
i.e., as a detector. The circuit is one in which radiation lium the local oscillator is minimised ; it 
is, however, seldom used. It may be noted that so long as the mixer Valve is made to work 
asymmetrically, it does not matter which of the inputs is rectiiie*d, the signal input, the heterodyne, 
or both. 

TYPICAL CASES OF (C).—Fig. 39 {d) represents a hc])tixle (c/. N.63, Fig. 41), a fi^quemiy 
changer employing a somewhat different principle The disadvantages of previous frequency 
changers can mostly be traced to the nature of the coupling between the oscillator and signal frequency 
circuits, and to the necessity fur detection at the signal input giid. In this case Ihere is no commdn 
•external coupling between the two circuits, the coupling being internal and electronic in 
nature ; moreover, detection at the signal grid may be avoided. The process is akin to modulation, 
especially suppressor grid modulation (N.23), or to the modulation method styled screen grid 
injection. 

Electronic coupling was developed during 1932 and represented a great step in advance in 
frequency changer technique. The cathode with the first and second grids (B.43) forms the oscillator 
portion of the valve, the latter employing a reverse feed self-oscillatory circuit of conventional 
type. Electrons emitted from the cathode are controlled in their flow towarcb the oscilJator anode 
by the oscillator grid. A portion of the election stream passes to the oscillator anode, and the 
remainder passes on through the first screen grid to the signal grid (control grid), where it is further 
modulated by the input signal. After passing through the secorul screen, the electron stream 
arrives at the anode to which is connected the output impedance. It is sometimes considered that 
the valve has two space charges, shown shaded in the diagram ; there is the usual space charge in 
the neighbourhood of the cathode, and an oscillating supply of electrons constituting a “ virtual 
cathode in the neighbourhood of the control grid. 

Electron coupling provides certain definite advantages ; circuit design is simphfied, undesirable 
coupling between the two circuits is mainly eliminated, the oscillator is more stable, radiation of 
energy at the heterodyne frequency is decreased, and conversion conductance is higher. 
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A ph}rsical picture of the action of the heptode in producing beat frequency currents in the anode 
circuit may be obtained by consideration of the characteristic curves shown in Fig. 40 («). These 
represent approximately the form of ordinary static characteristics plotted for variable signal ^id 
(modulator grid) volts V^, and fixed values of oscillator grid volts V,i. Let F represent the working 
point when no signal is applied either to the oscillator or signal input grids. With fixed signal 
grid volts, an oscillator input of 6 volts peak value would swing the anode current from G to E. 
A simultaneous input at the signal grid of 2 volts peak value would swing the anode current 



(a) {V) 


Fig. 40. 

along the curve from B to A or from D to C, depending on whether the two inputs were in anti¬ 
phase or in-phase respectively. The oscillator and signal inputs may be considered to be the same 
in frequency but with a continuously varying phase displacement, the two inputs working into 
phase or out of phase with each other at a frequency equal to the difference of the two, the beat 

frequency. The mean anode current corresponding to CD, a dual in-phase input, is greater 
than the mean anode current corresponding to the case of phase opposition, the curve 

BA. The anode current therefore contains a beat frequency component which may be selected by 
a suitably tuned secondary ciicuit. 

It may be noted that as the valve is made to traverse (say) the curve AB, the signal grid mutual 
conductance changes from a comparatively low value at A to a much higher value at B ; the greater 
the Input signal the greater will be the change in and the greater the amplification, 
the latter following almost a linear law. Since, essentially, no detection takes place at the 
modulator grid, troubles due to cross modulation are largely overcome. 

Fig. 40 (ft) shows a triode-hexode, and represents the latest stage of development of one valve 
frequency changers. Electron coupling is again employed, and the arrangement of the electrodes 
is designed still further to minimise unwanted coupling between the two circuits. 

52. Principles of Super-regenerative Receivers.—The use of ordinary regeneration or 
reaction as a method of amplification was shown in Section “ D ” to be equivalent to reducing the 
effective resistance of the input circuit. In the simple regenerative circuit it was proved that the 
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resistance was decreased by an amount the effective resistance then being R — When 

the reaction receiver is brought to the oscillating point, the effective resistance is zero, and the 
generation of self-oscillations is possible. With further increase of reaction, self-oscillations can 
build up to a larger amplitude, and while they are building up the effective resistance is negative, 
MgJ 

i.e., ^ > R. In all these cases, however, whatever may be its value, the effective resistance 


remains approximately constant during the operation of the receiver. The special feature of 
receivers using the principle of super-regeneration is that the effective resistance of the oscillatory 
circuit is deliberately varied at some chosen frequency, so that its value is alternately positive and 
negative, i.e., free oscillations are periodically allowed "to build up and to be damped out at a definite 
rate. 


There are obviously two ways in which this may“be accomplished ;— 

(1) The energy fed into the oscillatory circuit by reaction (the negative resistance) may 

be kept constant, and the positive resistance of the circuit varied at the chosen 
frequency so that it is alternately greater or less than the negative resistance. 

The most elementary way of achieving this w’ould be to have an additional 
resistance which could be inserted in, and cut out of, the oscillatory circuit at the 
frequency of variation desired, by some device such as a buzzer wheel. The 
constant resistance in the circuit would be less in value than the “negative" 
resistance, and the extra resistaiice would be sufficient to increase the total beyond 
the value of the “ negative ” resistance, so that the effective resistance would be 
alternately positive and negative. 

Another possible method would be to connect across the tuned circuit a separate 
valve, the A C. resistance of which was varied at the desired frequency so as to 
constitute a variable damping device across the tuned circuit, and thus to cause it 
to alternate between a self-oscillatory and a non-oscillatory condition. 

(2) The energy fed into the oscillatory circuit by reaction may be caused to vary periodically 

in value, so that it is alternately greater and less than the amount required to 
overcome the damping losses of the circuit, i.c , the negative resistance becomes 
alternately greater and less than the positive resistance. This is the method 
employed in Service receivers. The actual ways of accomplishing it will be dealt 
with after the nature of the results to be expected have been considered. 


53. Service Types of Receiver. —Service super-regenerative receivers may be divided into 
two main categories :— 

[а) Receivers in which the periodic variation of effective resistance is produced by means 

of a circuit other than that in which self-oscillations are alternately allowed to 
build up and die away. These are known as quench receivers. 

(б) Receivers in which the effective resistance of the oscillatory circuit and its associated 

valve is arranged to be automatically self-adjusting, so that self-oscillations alter¬ 
nately build up and are damped out without the necessity of a separate circuit to 
vary the reaction. These are called self-quenching receivers or squeggers. 

54. Quench Receivers. —In discussing the operation of a quench receiver it will be useful 
to recall to mind the nature of the current produced by the application of an alternating E.M.F. 
of amplitude ^ to an acceptor circuit {i.e., an oscillatory circuit tuned to the applied E.M.F.), 
whose resistance is so small that the difference between its natural and re.sonant frequencies may be 
neglected. 

The magnitude of the current at any time t after the E.M.F. is applied was found in Vol. I 
to be 

^ t\ ■ 4 

^ ^ (1 — t smed. 
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The nature of the current is best grasped by considering the two terms of this result separately. 
It consists of 

S 

(1) A forced oscillation g sin tat, of constant amplitude if S and R are constant. 

J? _R_ 

(2) A free oscillation of amplitude ^ e 2 l The initial amplitude (at ^ = 0) of the free 

oscillation is p, the same as that of the forced oscillation. 


If the effective resistance of the circuit is positive, the free oscillation rapidly decreases in 
amplitude, I'his is the normal case in the receiving circuits so far considered, even in circuits with 
regenerative amplification nearly up to the oscillating point. The forced oscillation alone is then 
of importance, and rc^generalive amplification may be considered meiely as a means of reducing 

... 

the value of R so as to increase the amplitude of this oscillation. 

When the effective resistance is negative, however, the result is very different. The free oscil¬ 
lation then builds up as quickly as it was damped out in the case of positive resistance, and it is 
the forced oscillation which may soon be neglected by comparison. 

This building up of free o.scillations has already been considered at length in tlie section on the 
valve as generator. Tliey would theoretically build up to an infinite amplitude, given an infinite 
time. In practice, the amplitude is limited in self-oscillatory valve circuits by the decrease of the 
negative resistance as the amplitude of oscillations increases, until eventually any further increase 
in amplitude makes the effective resistance again positive; oscillatirms aie then maintained at a 
constant amjditucle. But befoic these limiting conditions supervene, the following points aie to be 
noted concerning the free oscillations :— 

(«) They must be initiated by some momentary electrical disturbance of the oscillatory 
civciul, coiTes]X)iKling io the application of an E.M.F., as considered above. An 
incoming signal will perloim this function, but the ordinary distmbunces in a valve 
circuit will have a similar effect. 


(h) Once they begin, they will build up as the resistance rcmiains negative, whether the 
original stimulus is lemoved or not. If the latter is continued, as in the case of an 
incoming signal, the forced oscillation it pioduces is negligible in comparison. 

(c) The initial arnpliliide of the free oscillation is the same as that of the foiced oscillation 

i.e., proportional to the applied electrical disturbance, and vdiile the oscillation 
is building up its amplitude retains this proportionality, for after any time Mrom 
the conunencement of free oscillations it is e 


The third conclusion above ceases to be true if the time t, during which the effective resistance 
of the circuit is negative, is long enough to allow the free oscillations to build up until they saturate 
the valve. Once this occurs, the free oscillations continue with a constant amplitude determined 
only by the conditions of the valve circuit (H.T. supply, saturation current, etc.), and bearing no 
relation to the amplitude of the initial disturbance or incoming signal. 

Service quench receivers are only used for the reception of modulated signals, viz., 

1 •C.W. signals, and so these will first be considered. A short account of the modifications necessary 
for the reception of C.W. will be given later. 


55. Reception of LC.W. Signals.—A simple quench receiver is shown in Fig. 41. The 
oscillatory circuit associated with the valve is of a nature capable of self-oscillation, the circuit 
being of the series feed, direct grid excitation type discussed in Section “ K (6, 7 and 8). It is 
tuned to the frequency of the incoming signal by the variable condenser shown. A separate 
oscillatory circuit of the same type is maintained in self-oscillation at a sujxirsonic frequency 
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(20 kc/s. ill tlie circuit shown) by means of the valve ancris mutually coupled to the coil L in 
ihe anode lead of the valve V^. In consequence, the anode voltage of the valve is modulated 
at the frequency of the Vg circuit, and alternates above and below the mean value of the H.T. 
voltage by the amplitude of the supersonic induced E.M.F. in the anode lead. 

It will be remcinbeied that although,for simplicity, wc normally consider the characteristics 
to be parallel, the mutual conductance (g^) of a triode actually increases as the anode voltage is 
increased, and it is on this fact that the possibility of var^ung the effective resistance of the Vj 
circuit in this receiver depends. The .slope of the dynamic characteristic g^' is, of course, pro- 
^nortional to g^, and therefore to the anode voltage. The “ negative resistance " or energy fed 
into the oscillatory circuit is proportional to and so, ultimately,''to the anode voltage. Thus 
the supersonic variation of anode voltage can be arranged to produce a supersonic variation of 
negative resistance above and below the positive je.sistanre of the ciicuit, and therefore to make the 
effective resistance alternately positive and negative at the supersonic frequency. Approximate 
values in this receiver are as follows : the steady anode voltage is 50 volts ; the 20 kc/s. induced 
E.M.F. in coil L has an amplitude of 5 volts. When the amplitude of anode voltage above i.s about 
52 volts, free oscillations build up, i.e., the nett resistance is negative ; below this value of anode 
voltage, free oscillations are damped out. The variations of anode voltage and effective resistance 
are shown in Fig. 42 (a) and (&). Fig. 42 (c) shows the forced oscillation produced by the incoming 
I.C.W. signal voltage over one cycle of its audio frequency modulation. In Fig. 42 (d) is shown tlie 
alternate building up and damping out or “ quenching of the free oscillations. The points to 
notice are ;— 

(I) The final amplitude which the free oscillation reaches during any one period of negative 
resistance is proportional to the amplitude of the forced Oscillation, i.e., of the 
incoming signal at the commencement of that period. This dejxjnds on the fact 
that the free oscillation is quenched before its amplitude nears the condition when 
the valve is saturated. 
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(2) Since the negative effective resistance is not constant over this period, but rises from 

zero to a maximum and falls again to zero, the free oscillations do not build up 
exactly according to an exponential law. Their rate of growth is largest when the 
effective resistance of the oscillatory circuit has its maximum negative value, and 
is lowest at the beginning and end of the self-oscillatory period, but the final 
amplitude of the free oscillation in every such period always bears the same ratio 
to the amplitude of the forced oscillation at the beginning of the period. 

(3) The free oscillation must be completely quenched during the period of positive 

resistance. If there is a residual free oscillation when the effective resistance 
again becomes negative, the initial amplitude from which free oscillations build 
up is not that of the forced oscillation alone, but is the resultant of the forced 
oscillation and the remaining free oscillation. In consequence, the final amplitude 
of the free oscillation during a period of negative resistance is not proportional to 
the amplitude of the forced oscillation at its commencement, i.e., is not proportional 
to the amplitude of the incoming signal at that instant. The mean audio frequency 
variation of the current in the oscillatoiy circuit, as shown in Fig. 42 (e), would 
then no longer necessarily bear any relationship to the modulation of the incoming 
signal. 

It should be noted that Fig. 42 (c) is diagrammatic only, since with cumulative 
grid detection the mean anode cm rent shoidd show a decrease. 

(4) The measure of the amplifiration produced is obviously the ratio of the final amplitude 

of the free oscillation to that of the forced oscillation at the beginning of the period 
of effective negative resistance, and this can be made very large. It should be 
observed, however, that any atmospheric, interfering signal, or local disturbance 
such as that caused by irregular filament emission, will likewise initiate free 
oscillations if it occurs during such a period. The forced oscillation due to such 
disturbances (except atmospherics) will normally be of smaller amplitude than 
that due to the wanted signal, but the ratio of the two is preserved, and a back¬ 
ground of ‘'mush '* will be heard in the telephones. The selectivity of a super- 
regenerative receiver is thus not outstanding. The weaker the signal the noisier 
is the background, if the signal is amplified to the same degree of audibility in each 
case. 

56. Choice of Quenching Frequency.—The above considerations allow some simple 
deductions to be made as to the value of the quenching frequency, i.e,, the frequency with which the 
effective resistance of the receiving circuit varies between a positive and a negative value. The 
higher this frequency, the more often do oscillations build up and die away during one incoming 
*vave train, and therefore the more faithful is the reproduction of the signal waveform. The limits 
of the ratio of quenching to incoming frequency are fixed by the amount of amplification required, 
the avoidance of saturation current, and the necessity that each set of free oscillations in the receiver 
should be damped out before the next set conunences. 

The higher the quenching frequency the less time there is for free oscillations to build up and 
die away, and so the smaller is the final amplitude reached in each burst of self-oscillation, i.e., 
the less is the amplification. For instance, in receiving a wave modulated at 1,000 cycles per 
second, when the quenching frequency is 20 kc/s., self-oscillations build up and are damped out 
twenty times per audio frequency cycle. If the quenching frequency were doubled, the corre¬ 
sponding number would be forty times, i e., the time of building up self-oscillations and the time 
in which they are damped out would both be halved. 

For a given quenching frequency the amplitude of the free oscillations increases with , and 
ikewise the rate at which they die away. The larger this ratio can be made, the higher can be the 
{uenching frequency. To a first approximation y- increases with the radio frequency of the incoming 
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signal (to which the receiving circuit is tuned)» and' foe a given signal frequency it inerqa^s witli the 
stiffness of the circuit. Thus high amplification a2Kt feithful reproduction are more ^asil^ obtained 
the higher the incoming frequency, and the stiffer the timed circuit. As the inqoining radio frequency 
*^8ecreases, the amplification is i educed. Reduction of the quenching frequency may compensate 
for this up to a point, and at the expense of quabty, but a limit is roon reached, for the q^ueiiching 
frequency must in practice remain supersonic. The amount of mush produced even at a supersonic 
quenching frequency has already been remarked,, and when quenching takes place at an audible 
frequency, a continuous noise is produced in the telephones sufficient to drown any incoming signal. 
In addition, as the incoming radio frequency decreases, the selectivity of the receiver falls 
off considerably. The lowest frequency for which this method is of any value lies in the 
I/F band. 

Various other methods of applying the super-regenerative principle to the reception to I.C.W. 
have been devised ; one method, for instance, employs a supersonic modulation of the carrier 
, wave at a frequency which gives an A/F beat with the quenching frequency. For example, a 
carrier wave modulated at a frequency of 21 kc/s. would give an A/F beat note of 1 kc/s. if the 
“‘^uenching frequency were 20 kc/s. ; the mechanism of this process is made cletir by means of the 
thafves of Fig. 43. 


part 

tion,r^^- QueKch Reception of C.W, Signals.—*T hr ordmarr method of inkroducin^ an audio frequency varia- 
.1 of amplitude into a C.W. signal is to employ a separate heterodyne or aft cin uil. It i.s possible to 

the quench receiver in this way. jirovidcd that the free oBcillatioii is not compkitely qaenched dutMig the period 
1 positive resistance, but still retains an amplitude coaiparable with that of tUe forced 05tEillatioiii overy time the 
resistance becomes negative. Both the free and Llm forced oscillations thusi co^itinue lor the \*'hoIc duration of 
the forced oscillation, and the maximum ampJ-rtiMle attaiued by the free osirilkbtiniis. during a quenching cycle, 
is proportional to the sum of the amplitudes of the free and forced oecillalioiis at the l>eginning ol the negative 
resistance period, l^rovided that thei ftec and forced oscillations are otf tli^ sHine trrder of magnitude at such 
instants, their rellative phase then is the mam factor in detennining the ainiplitiiije to whicli free oscillations 
build up. For this to be true it is also necessary tliat the free oscillations shoidd Hot re^irli a value which saturates 
•Mie valve, just as in the I.C.W. case. The free and forced oscillaLions thus give a maximum resultant amplitude 
when they are in phase, i.g., at the in.stants where beats t)ccur ; at the beginning oi inierinediatc quenching cycles 
they arc not in phase, and the smaller resultant amplitude at these instants gives a smaller final amplitude of 
free oscillation, flence the envelope of free oscillatious over a number of quenching cycUs is modulated at the 
oeat frequency of the free and forced oscillation, and an audible note i.s heard wiien detection takes place. 

The chief difficulty of the nrtlinary heterodyne or autodyn^ method of recoptioji, at high radiii'> frequencies, 
15 that a small percentage change in live frequency of iwcofniiig signal gives a large actual change in frE(|uency, 
e.g., at 10 MC/s. a change of 0 -1 per cent, corresponds to 10,000 cycles per secniad. Kven if tlie frcjic^ueiicy of the 
local Dscillatoi’ remoained constant (which is urilikely, wpeciallv in an autod^me circuit), the beat note would 
change by 10,000 cycles jici second. It is easily seen that iiinler ])rartical conilitions tlie beat frequency often 
becomes supersonic, and therefr>re irwiudifile, anil cinilinual seaTchiiig is necefiRary to kerp the .signal audible. 
The peculiar feature of the quench receiver, when adjusted' SO that tfie fiee u.sciDatioii is iijvoT coinj)lc|ely quenched, 
is that it is still possible to get an audible note on detection, altliougJi the lieat frequency between tjie incoming 
Mignal (the forced oscillation) and the local free oscillation is itself \scll abtrv^ the audible range. Thii.s sudden 
changes in the signal or local Irequenry do nut involve kws of the signal, bul in^rely a change in the pitch of the 
note heard in the telephones. 

This phenomtanon nia}^ be explained a.^ follows. Snpposc that /, is the incoming signal frequency and 
IS the frequency of IJie free oscillation m the qai’iich receiver. The beat fi erjiiimcy is IhUii — and, as pointed 


out above, this is oftm inaudible. If ^ is the queiictrtftg |reqi!f©niCy, the time of one quenching cycle is and the 

I jC /. 9 

number of beat9 per quenching cycle ts therefore (/» — X -r = --— 

r ? 

If this is a whole number, the phase difference between tire dying fren escfllatiOn hud the foroed oscillation, 
at the beginning of a period of negative resistance, is always the same ; foiT instant, ti they were in phase at tljc 
beginning of one such period, they would again be in phase at the beginning of fhn next period, and so on. After 
a few quenching cycles the initial amplitude from wl^h free oscillations bafld would bte sufh that their final 
amplitude would saturate the valve. Each sueceeffing burst of .s^-oscillalion woald .similarly satuirate tlu* valve 
as long as the forced o.scillation persisted, ancl> since the quenching freqteency is auparsonio, no audfbjc result would 
be produced. 

The possibility of being a whole nmuber. ho w e v er, is remote, ai will easily be recogntsed, and so the 


phase difference between the free and forced oscillatkan it different at the beginning of coffsecutirve period of 
negative resistance. Hence the amplitude reached by the free oscillations during conseentive quenching cycles 
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differs corfespoi^din^ly; it is a maximum when the free and forced oscillations are in phase at the beginning of 
a period of negative resistance, and a minimum when they are in anti-phase at such an instant. 


Nevertheless, over a number of qv.eaching cycles, say n, the number of beats is n and for some value 

of n this is bound to be a whole number. If, for simplicity, we assume that the free and forced oscillations are in 
phase at the beginning of the forced oscillation, they will again be in phase at the end of the n'’th quenching 
cycle. At the beginning of intermediate quenching cycles between these limits they are not in phase, and so the 
gnal amplitude of the free oscillations during these cycles is smaller. Hence the amplitude of the free oscillations 

reaches a maximum value every n quenching cycles, i.e,, it is modulated at a frequency equal to -. This frequency 

ft 

will in general be audible, and so an audible note is heard in the telephones on detection. Alteration inor/. 


and for some value 


will alter the value of n which makes n 


(A -/■) 


a whole number, and so will alter the pitch of the note heard, 


but it will remain audible over a large range of values of and /,. The process is illustrated for constant values 
of A A Fig- 44. 

» This kind of super-regeneration is sometimes said to be " stroboscopic." The actual phenomenon is probably 
more complicated than is indicated by the simplihed explanation given above, but it remains of the same gener^ 
nature. The essential conditions for its production are that the valve should not be saturated by the final 
amplitude of the free oscillations, and that these should only be damped to an amplitude of the same order as 
that of the incoming signal during the quenching period. This may be attained in practice by increasing the 
part of the quenching cycle during which the resistance is negative, and decreasing,Jif necessary to prevent satura¬ 
tion, the amplitude of variation of effective resistance about its zero value. 

The advantage of this method of reception is that, even with large frequency variations in transmitter and 
receiver, the signal will still be heard. This involves, of course, that any interfering signals in the same range of 
frequencies are received with nearly equal intensity, and so the method is extremely unselective. 


58. Self-quenching Receiver.—In this receiver self-oscillations are built up and quenched 
periodically, as in the quench receiver, but no separate self-oscillatory circuit is used to produce the 
necessary variation of negative resistance above and below the positive resistance of the receiving 
circuit. This is accomplished automatically by appropriate coupling between the anode and grid 
circuits and the use of a grid insulating condenser and leak. 

The Oscillator.—^The circuit of a self-quenching receiver is the same as that already discussed 
under regenerative amplification and autodyne reception (Section “ D and is reproduced in 
Fig. 45. It will be remembered that with loose reaction coupling, amplification is produced, and, 
as the coupling is made tighter, a point is reached at which self-oscillations are generated. The 

building up of centinuous self¬ 
oscillations, and the amplitude they 
acquire in a circuit with negative 
grid bias, is discussed in Section 
“ K.'' In the oscillator then con¬ 
sidered, the tuned circuit was 
between anode and filament, but 
the principle is the same when the 
tuned circuit is between grid and 
filament. It was shown that under 
favourable conditions the positive 
half-cycle of grid oscillatory voltage 
covered the whole straight part of 
the dynamic characteristic, and 
that the mean anode current then 
flowing was much greater than 
that corresponding to the same 
Fig. 45, grid bias under non-oscillatory con¬ 

ditions. The maintenance of con¬ 
tinuous oscillations depends on keeping the grid bias steady at the appropriate value. 
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Suppose now that the coupling between anode and grid circuits is made still tighter. The 
immediate effect is to increase the amplitude of oscillatory grid voltage. This, however, causes an 
increase in the grid current flowing during the positive half-cycle ; the steady potential of the grid 
therefore becomes more negative, and the positive peak of oscillatory grid voltage returns to apprq a![- 
mately the same potential as before. The negative half-cycle of grid swing then extends further 
into the region where no anode current flows, and the result is that the slope of the effective d}manuc 
characteristic, i.t., the ratio of the total change in anode current to the total change in grid voltage, 
is decreased, the nett resistance of the circuit becomes positive, and oscillations are damped out. 
No grid current then flows, and, as the grid condenser charge leaks away through the resistance, 
the grid rises to a less negative potential and oscillations can be built up again. Thus, when 
the coupling between anode and grid circuits is made sufficiently tight, a circuit of this type auto¬ 
matically allows self-oscillations to build up and die away; the whole is said to e^ibit the 
phenomenon of “ grid tick,*’ or “ squegging.** It will be seen that the kind of oscillatipn 
produced is that described as I.C.W., and if the self-quenching frequency is an audible one, ^ 
circuit may be used as an I.C.W, transmitter, the wave radiated from which will give an audible 
note in a receiver, without the necessity for heterodyne reception. When used in this manner, the 
tuned circuit is generally between anode and filament, as in the ordinary C.W. transmitter. 


The Receiver.—The use.of the circuit as a receiver will now be considered. In this case the 
tuned circuit is between grid and filament, as shown in Fig. 45. The possibility of reception depenct 
on the fact that the negative grid bias at which self-oscillations start to build up is appreci¬ 
ably less than that at which they are damped out or quenched,” e.g., the values found in 
an experimental determination were V = — 14 volts for the quenching, and V — — 3 volts for 
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the building up, of self-oscillations. The 
reason for this appears to be as follows. 
When oscillations are just beginning to 
build up, their amplitude is, of course, 
extremely minute. The oscillatory P.D. iii 
the external anode circuit is correspondingly 
minute, and the anode voltage remains 
very nearly the same as under static con¬ 
ditions ; thus the slope of the dynamic 
characteristic is practically the same as 
that of the static characteristic, and as the 
actual grid bias gives a working point 
beyond the lower bend of the characteristic, 
this slope is very small. 

As the oscillations build up, the oscil¬ 
latory grid voltage extends into the straiglA 
part of the characteristic, and the mean 
anode current jumps to the much higher 
value associated with self-oscillations of 


Img. 46. large amplitude. For a steady grid bias of 

this order, the conditions are shown in 
Fig. 46. CP is the steady anode current for negative grid bias OP when oscillations are just beginning. 
DP is the mean anode current for oscillations of large amplitude. The mean d 3 mamic characteristic 
corresponding to DP is shown by the dotted line through D (it is actually a loop). Its slope is 
greater than that of the static characteristic at C, which is approximately the at the beginning of 
self^^scillations. As the negative grid bias is increased, the mean anode current decreases alon^ 
DE, and oscillations decrease in amplitude. In the neighbourhood of E, the oscillations fall to 
such an amplitude that the slope of the dynamic characteristic through E is not sufficient to make 

> R. Oscillations are damped out, and the mean anode current falls from EQ to the much 


smaller value BQ, which corresponds to static conditions with a negative grid bias OQ. 


Thus if 
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the ne^tive grid bias is grater than OP, osdllatioiLS will not build up, but if they have built up 
they will be maintained until the grid bias reaches the larger negative i^ue OQ. (A mathematical 
explanation of this phenomenon has been obtained by representing the valve characteristic by an 
‘'♦equation of the fifth degree.) 

When the grid bias is made self-adjusting, by an insulating condenser and leak, the actual cycle 
of mean anode current values obtained is not CDEBC, for the jump of mean anode current from 
C to D is associated with the largest oscillatory grid voltages, and these cause grid current to flow 
and increase the negative grid bias. The curve connecting mean grid bias and mean anode current 
over one self-quenching cycle is thus as illustrated in Fig. 47 by the loop CGHKB. The mean 
grid potential becomes more negative during the part CGHK of the loop. After K, oscillations 
have almost died out, and the loss of charge through the leak resistance causes the grid bias to 
decrease, as shown by KBC. At C, oscillations again start to build up, and the cycle is repeated. 
The part CGH of the loop is traversed much more quickly than the remainder, and the part KBC, 
^ Y^hen the condenser is discharging, occupies much the greatest proportion of the time taken for 
one self-quenching cycle. 

The initial process on making the H.T. supply is also shown in Fig. 47. The grid bias is then 
zero, and oscillations build up more rapidly, and rise to a higher amphtude, than when steady 
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conditions have been reached. The curve connecting mean anode current and mean grid bias 
during this preliminary cycle is indicated by OSGHKBC. 

An attempt has also been made in this figure to illustrate the actual variation of anode current 
and grid voltage with time over one self-quenching cycle. There is, of course, a very much lar^ 
number of R/F oscillations than it is possible to show in the figure. 

The time taken to traverse one self-quenching cycle depends mainly on the values of the grid 
insulating condenser and leak, being proportional to the time constant CR of this combination 
(Vol. I). It also depends slightly on the value of the reaction coupling, filament emission and anode 
voltage. By a suitable choice of C and R the self-quenching frequency may be made either audible 
or supersonic as desired. Alteration of either C or R is equally effective in varying this frequency. 
The frequency of the R/F oscillations is, of course, determined chiefly by the values of the 
inductance and condenser in the grid tuned circuit, as in the case of continuous oscillations. 

Thus, if *' CR ” is such as to make the self-quenching frequency audible, a continuous note 
will be heard in the telephones ; but if the self-quenching frequency is supersonic, no such note w ’l 
be heard. In both cases, however, there is always the strong back-ground of mush that has alreau/ 
been referred to under Quench Reception. 

59. Effect of an Incoming Signal.—^An incoming signal produces a forced oscillation in the grid 
tuned circuit. The effect of this is negligible while the circuit is in its self-oscillatory condition, 
just as in quench reception ; the quenching of free oscillations occurs at sensibly the same mean 
grid voltage, whether the forced oscillation is present or not. The forced oscillation, however, 
produces an appreciable change in the mean grid voltage at which free oscillations begin to build up, 
i.e., the voltage OP in Fig. 47. As the condenser is discharging along BC, an oscillatory voltage 
of finite amplitude, due to the forced oscillation, is superimposed on the mean grid voltage, with 
the result that the slope of the dynamic characteristic increases sufficiently to make the effective 
resistance negative before the mean grid bias reaches OP. As this part of the self-quenching cycle 
takes place relatively slowly, the time between the instant when free oscillations are quenched and 
the instant when they start again is reduced by an appreciable amount. In other wor^, the period 
of the self-quenching cycles is decreased, and so their frequency is increased. The phenomenon has 
been compared with that of starting and sliding friction ; the frictional force opposing the movement 
of a block of (say) wood over a rough surface is greater when the block is at rest than when it is 
moving. If the self-quenching frequency is audible before the incoming signal arrives, the effect 
of this increase in frequency is to raise the pitch of the notes heard in the telephones (c/. W.15) ; if 
the self-quenching frequency is originally supersonic it will rise to 2 , higher supersonic frequency. 

It may be noted that a decrease of filament current also increases the frequency of the signal note. 

60. Reception of C.W. Signals.—^The above effect is sketched for a C.W. si^al in Fig. 48, 
where only the mean grid potential variation with time is shown. The difference in grid bias for 
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the generation of free oscillations, with and without a forced oscillation, may be considered roughly 
proportional to the amplitude of the forced oscillation. For a C.W. signal this is constant, and so 
the effect is as indicated (c/. WJ5). 

In order to receive C.W. .signals, the normal self-quenching frequency of the receiver must lie 
in the audible range. A note of definite pitch is then continuously audible in the telephones. Wlien 
the incoming C.W. signal arrives, the pitch of the note rises and the note remains at a higher pitch 
for the duration of the signal, which can therefore be read. This type of self-quenching receiver 
is also called the howling squegger.” 

^61. Reception of I.C.W. Signals. —In this case, the incoming signal possesses an audio frequency variation in 
amplitude, and so an audio frequency self-quenching cycle is not desirable. The l.C.W. waveform can be repro¬ 
duced by the envelope of free oscillations if the self-quenching frequency is supersonic. One l.C.W. cycle, at say, 
1,000 cycles per second, covers the same period of time, for instance, as twenty self-quenching cycles at a quenching 
frequency of 20 kc/s , and during these twenty cycles the amplitude of the forced oscillation (the l.C.W. signal), at 
the beginning of each self-quenching cycle, rises from a minimum to a maximum and falls to a minimum again. 

The decrease in the period of a self-quenching cycle is proportional to the amplitude of the forced oscillation 
„t the beginning of that cycle. With an audible quench frequency considerably higher than the l.C.W. modula¬ 
tion, this would be made evident by the pitch of the note heard in the telephones rising to a maximum when the 
l.C.W. amplitude was a maximum, and falling at the end of the l.C.W, cycle to its value at the beginning. With 
a supersonic quench the effect is of the same kind ; self-quenching cycles are completed most rapidly in the 
middle of the l.C.W. cycle, and so there are most positive pulses of anode current then. The result is that the 
mean anode current over a few quenching cycles is greater in the middle of the l.C.W. cycle than it is at the 
beginning and end, t.e., there is an audio-frequency increase of mean anode current due to this cause. 
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Aopthvr eQpct of the I.C.W, nignal amp^^tude variatioo, however, is that the grid bias at which oscillatipns 
itait is most negative in the middle of the I,C,W. cycle. Over such a cycle the mean grid potential therefore 
has an audio-frequency variation which is in the negative direction, and so gives an audio-frequency decrease 
of mean anode current. 

These two opposed effects occur simultaneously and the nett audio-frequency variation of anode current, whicV 
is the measure of the amplification produced, is proportional to their difference. By a suitable choice of circuit 
constants it is possible to cause the one effect to outweigh the other sufficiently to give efficient amplification. 

Fig* 49 ia an attermpt to illustrate the reception of I.C.W. signals on a supersonic self-quenching receiver. 
Fig, 49 [a] shows the S/F cycles of grid voltage for part of an audio-frequency cycle of the forced oscillation. The 
envelope of the latter is greatly exaggerated in order to show the effect. It should, of course, be of much smaller 
amplitude than the mean audio-frequency variation of grid voltage produced by the generation and quenching 
of free oscillations, and shown by the dashed line. In Fig. 49 (6) are sketched the corresponding supersonic and 
audio-frequency variations of anorle current. The effect of the increasing negative grid bias is taken to be greater 
than that of the higher frequency of positive anode current pulses, and so the audio-frequency variation is shown 
as a decrease, 

62. High Speed Reception.—High speed reception of telegraphic signals may be accom-*^ 
pushed by attaching to a receiver a D.C. amplifier and an automatic tape recorder called an 
undulator. 

One of the principal difficulties consists in the fact that the undulator is a D.C. operated 
'ilStilchanism. In principle, its basic electrical feature is a moving coil loudspeaker, but in place of 
the oHaphragm it has a pivoted lever coupled to the stylus or siphon arm. The moving unit operates 
in the^^^rtical direction only, and carries two independent windings, or coils ; these may be con¬ 
nected in ^erics or parallel, for single current working using a spring bias, or they may be used 
separately, vone for “ mark and the other for “ space.” The latter represents the Service 
usage, the mahking and spacing D.C. currents being arranged to operate the moving coil unit in 
opposite directions. 



The A/F (or S/F) signal output of a receiver is, therefore, not directly available for application 
to the undulator ; it must first bei rectified, the small D.C. component of the anode current resulting 
from rectification being subsequently amplified by a D.C. amplifier (K.59) before application to 
the undulator. Fig. 50 represents a schematic diagram of a high speed receiver. 

No extended account is given of the undulator, which is an instrument in common use in ^ 
telegraphy. The unit of most importance and electrical interest is the D.C. amplifier, an account of 
its general principles being given below. 

Fig. 51 represents the electrical details of a D.C. amplifier which may be called upon to perform 
the following four functions :—■ 

(a) To rectify the A/F or S/F signals from the receiver, converting them to D.C. morse 
signals. 

(&) To limit the amplitude of the D.C. signals to a suitable value independent of the 
amplitude of incoming signals. The limiter acts as a delayed auto-gain control, 
which comes into operation when input signals exceed a certain value, but provides 
a timed delay in releasing the control at the end of a signal. This permits fading' 
signals to be recorded without distortion. 

(c) To amplify the D.C. output from the rectifier and convert it to spacing and marking 

currents for double current working of the undulator. 

[d) To provide a shaping control of the dots, spaces and dashes which may be necessary 

at high speeds. 
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GENERAL CONCEPTION OF THE INSTRUMENT.—Valves (1) and (2) are operated as 
a Class " push-pull detector combination, therefore passing no current during the no si^al or 
spacing periods ; during the marking periods, current is passed which produces a corresponding IR 
drop in load resistance (3), which forms part of a potentiometer across the H.T. supply controlling 
the bias for valve (4). The latter, with valves (5) and (6), are operated as distortionless Class “ A " 
amplifiers. 

During the space period, the bias on the grid of the spacing valve permits current to pass 
sufficient to energise the spacing coil, and move the rocker arm and stylus to the space position. 

During the mark period, when a signal is being received, valves (1) and (2) pass current, and 
the D.C- rectified component flows through resistance (3) and increases the IR drop in the latter; 
the grid of valve (4) becomes more negative and the current in the anode circuit of the spacing valve 
is reduced, and the valve may be shut down completely. Simultaneously, the same increase in 
negative bias is applied to valve (5), the reversing valve. The anode current in that valve is 
also reduced, and the decrease in IR drop in resistance (7) makes the grid of valve (6) mor^ 
positive by the same amount as the negative bias increase to valve (4) . This is followed by 
an increased current in the anode circuit of the marking valve, and the latter energises the marking 
coil and moves the writing stylus to the mark position. Since valves (4) and (6) are similar, the 
decrease in current energising the spacing coil is accompanied by a numerically equal increase 
in current energising the marking coil, the undulator constituting a mechanism operated in pull- 
pidl by the D.C. amplifier. For balanced opeiation the instrument requires careful adjustment, an 
operation the technicalities of which it is not proposed fully to treat here. 

It may be noted that with automatic reception it no longer becomes necessary to retain I.C.W. 
wave forms having modulating frequencies in the A/F range ; supersonic modulation may be 
employed. 

THE INSTRUMENT IN GREATER DETAIL.—The centre point of the input transformer 
secondary is connected through a variable capacity (11) to the filaments of the rectifier valves ; 
the capacity is provided by a bank of five condensers, having values from 10 to 180 jars, operated 
by a switch marked limiter time constant. A second connection from the centre of the input 
transformer secondary passes through a 4-megohm grid leak to a variable potentiometer marked 
grid bias rectifier, the latter providing an adjustable negative bias to the grids of the rectifying 
valves. 

The anodes of these valves are connected in parallel, and fed through a load resistance (3) and 
a milliammeter. The anode circuit is joined to the grid of the spacing valve through a potentio¬ 
meter consisting of two fixed resistances, and a variable one marked grid bias spacing, the latter 
providing a small adjustment of the grid bias of the spacing valve. 

The H.T. supply to the spacing valve is through one branch of a resistance connected across 
a differential milliammeter, marked “ output-spacing-marking,” to one terminal of the recording 
undulator and hence to the anode terminal. 

The grid of the spacing valve is connected in parallel with the grid of the reversing valve, the 
object of which is to provide values in grid potential of the marking valve which are exactly opposite 
to those on its own grid and on that of the spacing valve 

The anode of the reversing valve is fed through a load resistance (7). The anode is also con¬ 
nected to the grid of the marking valve through a potentiometer consisting of two fixed resistances, 
and a variable one similar to that provided for th<? spacing valve, and marked grid bias marking. 
The anode circuit of the marking valve is also an exact counterpart of that of the spacing circuit, 
but uses the other branch of the differential milliammeter and the marking coil of the undulator. 

Other features of interest include condensers (B), (9) and (10), these being connected together 
and operated by a switch marked shaping control (S). The effect of these condensers is either to 
slow up or accelerate -the rise and fall of spacing and marking currents, so that the intervals of time 
during which the undulator holds over to mark or space are altered by a small constant amount. 

At slow speeds the alteration in the lengths of marks and spaces is too smaU to make any appreciable 
difference in the " shape/' but at speeds over 200 words per minute, the change becomes 
noticeable. 
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With weak input signals, the rectifier valves work on the anode bends of their characteristics. 
If the working point is at (say) 8 volts negative, signals of that peak amplitude will just be sufficient 
fully to load the instrument. Aay increase in signal amplitude above that value causes grid current 
to flow in the two valves alternately during successive half cycles, charging the condenser (11) to 
a negative potential nearly equal to the peak amplitude of the signal. This prevents any further 
increase in the anode current and overloading of the amplifier, and constitutes, in fact, a very 
effective limiter. When the signal ceases, the condenser is left charged at the potential of the signal 
amplitude, and the amplifier remains insensitive to any other signal of smaller amplitude until 
the charge leaks away through the grid leak. The time of discharge of this condenser is proportional 
to the CR value, and the best value of condenser is found by trial while watching the undulator 
tape. A large condenser is required for a slow speed signal, and a small condenser is preferable at 
high speeds and is essential when rapid fading is exp)erienced in H/F reception. The limiter thus 
allows signals to be recorded, without distorting the shape of the morse symbol, even when the 
s'ignals are muclt stronger than those required. 

The spacing, reversing, and marking valves are worked on the part of the static characteristic 
between zero grid volts and the cut-off point. 

Condenser (12) is a by-pass for the R/F component of the anode current of the detector valves. 

METHOD OF ADJUSTMENT.—The D.C. amplifier is adjusted with no signal input. The 
rectifier grid bias potentiometer should first be adjusted until the anode current shown by the 
rectifier meter is just zero. The reversing and marking valves should then be temporarily removed, 
and the spacing grid bias potentiometer adjusted until the output meter indicates a suitable current 
on the spacing side. The rectifier grid bias potentiometer is then altered until the reading on the 
output meter just falls to zero ; this adjustment will alter the reading on the rectifier meter. Follow¬ 
ing this, the spacing valve should be removed and the reversing and marking valves replaced. The 
marking grid bias potentiometer should then be adjusted until the output meter indicates a similar 
suitable value on the marking side. Finally, the spacing valve is replaced and the rectifier grid 
bias potentiometer moved back until the rectifier meter reads zero again. During this operation 
the pointer of the output meter will move from a given value on the marking side, through zero, to 
the same value on the spacing side. The instrument will then be in the requisite state of adjustment 
prior to the receipt of a signal. 

63. Amplifier Noises.—If the process of amplification is carried too far, or if an amplifier is 
badly designed, it will be found that many interfering noises will be heard in the telephones. 

These noises may be classified as follows :— 



Symptom. 

Cause. 

(1) VALVE NOISES. 



(a) Frying noises 

Soft valve. 


(&) Intermittent noises like atmo¬ 
spherics. 

Bad filament. 


(c) Clicks 

Loose contacts. 

(2) 

BAD DESIGN. 



(d) External noises easHy picked up 

Unscreened transformers and leads. 

(3) 

HOWLING, ETC. 



{e) Howling in case of a note magnifier 

Continuous oscillation of an audio-frequency 
circuit due to cross-coupling. 


(/) Howling in case of a radio-fre¬ 

Generation of two radio-frequency oscil¬ 


quency amplifier. 

lations giving an audible beat. 
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(3) HOWLING, mQ..—ewdhtued, 

(g) A steady succession of clicks 


{h) Motor boating in A/F amplifiers. 
The “ phut-phut " noise re¬ 
sembling the exhaust from a 
motor boat. 

(4) BATTERY TROUBLE. 

Crackling noises 

(5) INDUCTION FROM MAINS. 
Continuous hum 


Causd, 

The result of using a grid leak of too high 
resistance. 

A self-oscillation piles up a negative charge 
on an insulated grid faster than the leak 
can drain it away; the oscillation then 
stops momentarily and starts again as 
soon as the negative charge has drained 
off (Para 58). 

A low frequency oscillation produced by 
interaction in the A/F stages. 


Loose contact, or defective cells in H.T. 
battery. 

Imperfect smoothing in the power rectifier 
unit, or faulty adjustment of the hum 
dinger or hum bucker control. 
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EXAMINATION QUESTIONS ON AMPLIFICATION. 


1. Describe, in general terms, how voltage amplification is achieved in a receiver. Sketch an 

amplifier circuit employing “ tuned anode-capacity coupling, and explain carefully the 
function of each component. 

Write down an expression for the V.A.F. of the circuit, using the '* equivalent 
diagram.” 

(W/T.l (Q), 1937.) 

2. [a) Show why it is necessary with a three-electrode valve to have an impedance in the anode 

circuit comparable with the A.C. resistance of the valve, in order to obtain satisfactory 
voltage amplification. 

(6) The anode impedance of a tuned anode amplifier consists of an inductance of 400 mics, 
having a resistance of 10 ohms, and a capacity of 500 [X|iF. If the anode circuit is tuned 
to the incoming signal, what is the output voltage when a signal of 0-1 volt is applied 
between grid and filament of the valve, which has an amplification factor of 12 and an 
A.C. resistance of 30,000 ohms ? 

(Qualifying Lieut. (S), 1936. Answer: 0*85 volts.) 

3. Sketch the following systems of intervalve coupling used in amplifiers :— 

(iz) Resistance-capacity ; (6) tmied anode ; (c) transformer. 

State their respective advantages and disadvantages, and describe clearly the action 
of one of them, 

(W/T.2 (Q), 1936.) 

4. Compare and contrast the three main types of intervalve amplifier coupling from the point of 

view of V.A.F. Sketch response curves showing their relative merits over the A/F range. 

From the curves account for the popularity of the transformer coupling in the .output 
stage of receivers. 

(Wt. Tels. (Q), 1935.) 


5. (a) Show, from first principles, that maximum power is obtained from a triode valve when the 
external impedance is equal to the A.C. resistance of the valve, 

(6) The mutual characteristics of a triode power valve are given by the following table :— 



Grid voltage 

0 

-2 —4 -6 —8 

-10 


A A volts 

Anode current (mA)^y^ _ , 2 ^ 

14-5 

20-5 

10 6 3 1-2 

16 12 7-5 4 

0-4 

2 


What should be the step-down ratio of the output transformer if this valve is to 
deliver maumum power to a loudspeaker of resistance 10 ohms 7 

(Qualifying Lieut. (S), 1936. Answer: 20 : 1.) 
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6. A note magnifier consisting of two triode valves is to be constructed. Explain fully, with the 

aid of diagrams, three ways in which the two valves may be coupled together. 

What are the advantages and disadvantages of each method, and what factors influence, 
the choice of suitable components ? 

(Qualifying Lieut. (S), 1936.) 

7. What is the essential requirement in the output stage of a receiver ? Sketch and explain the 

action of a “ push-pull ” amplifier stage employing “ mid-point biasing/' 

Compare the merits and disadvantages of such an arrangement with that of a stage 
comprising two similar valves in parallel. 

(W/T.l (Q), 1937.) 

8. Make sketches showing the application of push-pull circuits to (a) D/F receivers, and (6) the 

power stage of receivers, stating the biasing arrangements used in each. 

Explain the difference between Q-P.P. and Class “ B " amplification. 

(W/T.l (Q), 1934.) 

9. What are the advantages of using two valves in push-pull ” instead of a single valve for the 

output stage of a receiver? Valves in “push-pull" may employ either “mid-point 
biasing " or “ curvature biasing." Explain these terms, showing curves, and state the 
comparative advantages and disadvantages of the two systems. 

(W/T.l (Q). 1937.) 

10. Sketch typical families of IJYg and Ip/V, characteristics for a triode used as an amplifier, and 

insert a typical load line for resistance-capacity coupling to the next stage. 

Explain, with reference to these, how voltage amplification is obtained. What are 
the limitations imposed if distortion is to be avoided ? 

(W/T.l (Q), 1937.) 

11. Sketch and describe the action of a transformer coupled amplifier. In the case of an ideal 

transformer-coupled A/F amplifier draw the equivalent circuit and derive an expression 
^ for its V.A.F, 

(W/T.l (Q), 1936.) 

12. What are the forms of distortion liable to occur in amplifiers ? Compare the response obtained 

at audio-frequencies with the various types of coupling used in practice, and contrast their 
suitability for reception of W/T and K/T. 

(W/T.l (Q). 1935.) 

13. An amplifier consists of a valve having an internal anode circuit impedance of 30,000 ohms and 

an amplification factor of 25. If an external impedance is placed in the anode circuit, 
what is the amplification obtainable with this arrangement if this impedance consists 
of— 

(fl) A resistance of 30,000 ohms. 

(b) A coil of 5 millihenries and 25 ohms resistance, shunted by a condenser of 0-001 
microfarad, the amplifier in this case being operated at the resonant frequency 
of this circuit ? 

(C. & G. Final, 1929. 


Answer: 12>5; 21-74.) 
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14. In an A/F amplifier the valve has an amplification factor of 40 and an internal impedance of 

40,000 oluns. It is coupled to a succeeding stage by a transformer of 1 to 3 • 5 ratio, having 
a primary inductance of 40 henries and a primary resistance of 500 ohms. The secondary 
load is of infinite impedance. What will be the amplification for frequencies of 40, 100, 
1,000 and 10,000 cycles per second, if the primary of the transformer resonates at 10,000 
cycles ? 

(C. & G. Final, 1932. Answer: 34-14; 74-47; 138-2; 140.) 

15. Sketch a suitable circuit to explain what is meant by “ regenerative amplification.” How does 

this principle assist in increasing the selectivity of a receiver ? 

(W/T.2 (Q), October, 193fi.) 

16. Explain carefully the heterodyne method for the reception of C.W. signals, giving a sketch of 

a suitable circuit employing a separate oscillator. What are the advantages and dis¬ 
advantages of this circuit compared with one not employing a separate oscillator ? 

(W/T.l (Q), 1937.) 

17. Explain the reception of C.W. using— 

{a) A separate heterodyne, and (6) an autodyne. 

Give a circuit diagram in each case. 

The valve used in a heterodyne circuit has m = 40 and r, = 20,000 ohms. The fixed 
inductance in the grid circuit is 100 mics. and has a high frequency resistance of I ohm. 
If the inductance of the reaction coil is 10 mics., what is the minimum value of the coupling 
factor if oscillations are to be maintained at 100 kc/s. ? 

(Qualifying Lieut, (S), 1936. Answer : 40 per cent.) 

18. What are the causes of instability in R/F amplifiers? What steps are taken in practice to 

remedy this trouble ? 

(W/T.2 (Q), 1935.) 

19. Enumerate the types of receivers suitable for the reception of H/F signals. 

With the aid of a circuit diagram, and necessary curves, describe the action of a 
separate quench receiver for I.C.W. signals. What considerations govern the choice of 
quenching frequency ? 

(W/T.l (Q), 1937.) 

^0. Explain, with the aid of a schematic diagram, the superheterodyne principle of reception. 

What points in the design of such a receiver are of great importance. Why is a second 
oscillator valve unnecessary when receiving a modulated wave ? 

(W/T.2 (Q), 1935.) 

21. In an audio-frequency amplifier, the valve has an internal imp>edance of 30,000 ohms and an 
, amplification factor of 40. It is coupled to the succeeding stage by a transformer having 

a ratio of 1 : 3 and a primary inductance of 30 henries. The secondary load is a resistance 
of 50,000 ohms. 

Neglecting the internal capacitances of the valve and the self capacitance, resistance, 
and leakage of the transformer, what will be the amplification for frequencies of 100 and 
10,000 cycles per second 7 

(C, & G. Final, 1937. Answer: 54-2 and 77*9.) (Cf. Paragraph 19.) 
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22. Define (a) the decibel, (6) the neper. 

A low frequency ampMer has a gain of 56 decibels. The input circuit is of 600 ohms 
resistive impedance and the output is arranged for a load of 10 ohms. What will be tffi; 
current in the load when an alternating potential of 1 volt is applied at the input ? 

A transmission line has an equivalent of 7 decibels ; what is the equivalent of this 
in nepers ? 

(C. & G. Final. 1937. 


Answer : 8-1 amps., 0 • 806 neper.) 
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POWER SUPPLIES- 

f 1. General Requirements. —Considered as a whole, any W/T installation requires (wwer 
for its receivers and transmitters. The method of supply can be separately considered under 
these two headings, although the problems are not separate ones and it may be more economical 
to consider both of them jointly. 

In the case of receivers, those in the Service, in common with many others, are usually designed 
to employ a high tension D.C. supply of cither 50 or 100 volts ; power valves in loudspeaker systems 
frequently need D.C. voltages of the order of 400 volts. The low tension supply is usually at 4 volts. 
This demand for power is one which could be met by means of batteries. For an installation having 
several receivers, this is a method which has many disadvantages. Batteries take up space, are 
very heavy, and need constant care and attention to prevent deterioration and to maintain them 
in a state of efficiency. Moreover, it is a very inconvenient method of producing D.C. potentials 
of the order of 400 volts. Their chief advantage lies in their excellent voltage regulation character¬ 
istic. Due to the low internal resi.stance of an accumulator, the maximum variation of voltage 
with varying load is usually about 10 per cent. It is not easy to design other forms of power supply 
for receivers with as good voltage regulation as this. In spite of this difficulty, various very 
satisfactory power units can be produced, and it is fast becoming common practice to use rectified 
and smoothed A.C. supplies for the production of all of the D.C. voltages that may be required. 

In the case of transmitters, low power sets using L/F may require a high tension voltage at the 
transmitting valve anodes of the order of 100 or 200 volts. This could be supplied by accumulators 
or small D.C. generators. If, however, ranges of hundreds or thousands of miles are required, it 
is necessary to increase the H.T. voltage to thousands of volts. In the section on Valve trans¬ 
mitters " (Section K it is shown that the power delivered to the oscillatory circuit is proportional 
to the product of the emission current of the filament and the voltage applied to the anode ; with 
correct circuit adjustment it therefore follows that, for a given value ol current, the greater the 
voltage on the anode, the greater will be the power delivered to the oscillatory circuit. The limiting 
lactor to an indefinite increase in either or both of these quantities is provided by the anode rating 
of the valves employed, as with (say) a 66 per cent, efficiency circuit, half as much power as is given 
to the oscillating circuit is dissipated in the form of heat at the anodes. 

Steady potentials of the order of 10,000 volts may be produced by :— 

(а) A motor generator giving a direct current output at very high voltage ; 

(б) A motor aUernator and transformer, the output from which is rectified, normally by 

the use of thermionic valves. 

The motor generatoi method has advantages as regards efficiency and space occupied, but imder 
-^hip conditions it is generally not so reliable as the low voltage motor alternator and transformer. 
In addition, the commutator sparking on a high voltage motor generator may give rise to serious 
interference with reception, unless a static suppressor is carefully fitted at the source. The majority 
of Service transmitters use a rectified A.C. supply. 

There are many different rectifying devices. Rectifying valves are discussed in the section 
on Thermionic valves (Section “ B "). For power rectification, employing valves, it is usual to 
use diodes, although it is obvious that triodes could also be employed. The general principles of 
a power rectifier will be made clear by considering the cases of the half-wave and full-wave valve 
rectifiers. 

2. The Diode Half-Wave Rectifying Circuit. —Fig. 1 illustrates the simplest type of valve 
rectifying circuit. It consists of an alternator and step-up transformer, in the primary circuit of 
which there is a switch which may be called the “ signalling key.'' The rectifying valve is generally 
known as a “ U " valve. The heating current of the filament is supplied by means of a motor- 
alternator and step-down transformer. Condenser C is of large capacity, and is a storage or 
reservoir condenser; it is also called a smoothing condensorp since it is the source of thl^ 
rectified D.C. supply. 
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The circuit also shows supply leads to the anode and filament of the oscillating valve, or load 
circuit. 

When the switch in the step-up transformer primary circuit is made, an alternating voltage 
of large amplitude is applied to the anode of the rectifying valve. If the filament is alight, a currmi! 
only flows through the valve when there is a positive P.D. from anode to filament, i.c., during the 
positive half-cycle of alternator voltage. During the negative half-cycle, the anode is negative to 
the filament and no current can flow. When current is flowing, electrons are being transferred 
from the filament to the anode, i.t., from one plate of condenser C to the other, and so a P.D. is 
established across the condenser. Assuming that the lower plate in Fig. 1 is earthed, the potential 
of the upper plate and the filament thus rises during the positive half-cycle of alternator voltage, 
and so diminishes the part of this half-cycle during which the anode is positive to the filament, 
f.^., the time during which the condenser is being charged. If the transmitting circuit (or load 
circuit) is in operation, current is always flowing out of the smoothing condenser to supply the 
steady anode current taken by the transmitting valves, the condenser being, in fact, equivalent*' 
to the H.T. battery in a receiving circuit. At the beginning of the rectifying process, the charge 
received by the condenser, while current flows in the rectifying valve, is greater than the charge it 
loses to the transmitting valves during one cycle of alternator voltage. As the P.D. across its 
plates rises, however, and the charge received by it decreases, a state of equilibrium is eventually 
reached when the anode of the rectifying valve only remains positive to the filament for such time 
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Fig. 1 


as will suffice to make up for the loss of charge to the transmitting valves per alternator cycle. 
The P.D. across the condenser then maintains a sensibly constant value, apart from a slight ripple 
due to the fact that it is charged discontinuously, while its discharge through the transmitting vsdves 
is continuous. 

If the mean condenser P.D. were to rise above this equilibrium value, the charge it would 
receive would not be sufficient to make up for the losses to the transmitting valves, and the P.D. 
would fall again. If it fell below the equilibrium value, the current, flowing through the rectifying 
valve for a longer time, would charge the condenser faster than it discharged, until the equilibrium 
state was again reached. 

If the transmitting circuit is not in operation if there is no load), the P.D. across the plates 
of the condenser rises until it is equal numerically to the peak value of the A.C. supply. When 
this state has been reached, assuming that there are no losses in the condenser due to leakage, the 
anode of the valve will not be positive with respect to the filament at any time during the cycle of 
alternator voltage. An electrostatic voltmeter connected across the condenser would then indicate 
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the peak value of the A,C. supply ; “ peak voltmeters ” working in this way are familiar instruments 
in any laboratory. 

The electron path should be noticed. Starting from the positive condenser plate, electrons 
travel from filament to anode of the rectifying valve, and through the transformer secondary to the 
filaments of the transmitting valves, thence through these valves back to the positive condenser 
plate. 

In early transmitting circuits, use was made of rectifying valves of comparatively small filament 
emission, with the result that the rectifier current reached saturation almost as soon as the anode- 
filament P.D. became positive, and remained at its saturation value practically until the anode 
potential again fell below that of the filament. This sytem was obviously inefficient, for once the 
anode-filament P.D. was sufficient to give saturation, no increase in rectifier current was obtained 
during the time that the anode-filament P.D. was greater than this value. With the demand for 
ever increasing power in the aerial, it has become necessary to work the alternator and transformer 
as nearly as possible at their maximum output. Hence, the filaments of rectifying valves are now 
designed to give sufficient emission to prevent saturation ever being reached during the rectif 3 dng 
cycle, and the current through the rectifying valve increases as long as the anode-filament P.D. 
increases. ' / 

With the circuit shown in Fig. 1, rectified current only flows during part of the positive half¬ 
cycle. The process is therefore called half-wave rectification. The action is illustrated in Fig. 2. 

The transformer secondary voltage is shown for simplicity as a simple sine wave. This is not 
the case in practice, owing to the irregular power output during a cycle. This point is considered 
below (para. 9). 

The current flowing through the rectifying valve when the anode is positive to the filament 
obeys the 3/2 power law (Section “ B ”) as indicated in the figure. The shaded area represents the 
charge acquired by the smoothing condenser during one cycle of alternator voltage. The mean 



HALF - WAVE RECTIFICATION. 

Pig. 1^. 

^ condenser P.D. is shown by the dotted line, while the continuous line indicates how its P.D. actually 
varies during a cycle. The di.scharge to the transmitting valve goes on steadily, and when the 
condenser is not being charged, its P.D. falls uniformly according to the steady anode current in the 
transmitters. During charging, the condenser P.D. rises approximately as indicated, the rate of 
charge being a maximum when the anode-filament P.D. of the rectifying valve is a maximum, if 
the lag due to the inductance of the transformer secondary is neglected. This H.T. voltage ripple 
is one of the factors leading to frequency variation in C.W. transmitters (Section “ K "). It can 
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easily be seen that its amount varies inversely with the capacity of the smoothing condenser, since 

the smaller this capacity the greater is the change in P.D. produced by a given charge The 

greater the capacity of the smoothing condenser, the longer does it take to discharge after thp 
drcuits are switched off. If primary signalling is being used, the effect would be to maintain the 
transmitter oscillating after the key in the primary of the H T transformer is broken, thus effectually 
setting a limit to the speed of signalling (K.55) The size of the condenser is usually fixed by 
such considerations as its cost, and the amount of ripple that can be allowed. 

3. Full- Wave Rectification.—This is the system normally employed in practice. The 
drcuit is shown in Fig. 3 Two rectifying valves are used, often included in the same envelope— 









Fig. 4, 
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Fig. 15. Their anodes are ^nnected to the tenxunals of the transformer secondary, the centre 
point of the secondary being earthed and therefore common with the negative plate of the smoothing 
.^condenser. Thus the alternating potential applied to the anode of each valve is half the total 
secondary voltage, and maximum positive potential on one anode corresponds in time to maximum 
negative potential on the other. Consequently, current flows in the two valves during alternate 
half-cycles, the rectif 3 dng action of either valve being the same as that described above. The 
process is illustrated in Fig. 4. 

It should be noted that, strictly speaking, the name applied to this method of rectification 
should be bi-phase half-wave rectification,” since each half of the transformer supphcs current 
for half a cycle. By common custom, the method of rectification described above is called full 
wave rectification,” although that title may be more appropriately reserved for cases such as 
Fig. 10 (d). if) and (g). 

The smoothing condenser receives a charge during every half-cycle of alternator voltage, 
'instead of once per cycle as in half-wave rectification. The condenser voltage ripple is therefore 
less pronounced and occurs at twice the frequency of the alternator. 

4. Efficiency of a Rectifier Unit,—An exact calculation of the efficiency is complex, as will 
be realised from the descriptive account of rectification gh cn above. It must take into account the 
3 

^ power law of variation of rectified current with anode-filament P.D., the distortion of the trans- 

former secondary voltage wave-form, the smocthing condenser rectified voltage ripple, and the 
impedance of the transmitting circuit. Even an approximate calculation presents difficulties 
which render it outside the scope of this book, but some approximate figures will be quoted below. 

The efficiency of the rectifying system is the ratio of its power output to the transmitting 
circuit to its power input, which consists of the main alternator power output and the power 
expended in the filament in producing the emission. The principal power loss arises in the heat 
produced at the anodes of the rectifying valves. 

' The efficiency increases with the ratio of H.T. rectified voltage to transformer secondary 
voltage amplitude. It is therefore an advantage to rectify at as high a value of this ratio as possible. 
For this reason, a rectifying circuit is arranged to give as low a peak anode-filament P.D. as possible ; 
this is the reason why some types of rectifying valves have long narrow anodes. In one Service 
case the peak anode-filament P.D. was 3,000 volts during the positive half cycles. The peak anode- 
filament P.D. during the negative half cycles was, of course, much greater than this ; this is usually 
called the “ inverse voltage,” and in the above practical case, with a rectified voltage of 10,000 
volts and a secondary amplitude of 13,000 volts, the inverse voltage amounts to 23,000 volts, and 
the valve insulation must be capable of standing up to this requirement. The total secondary P.D. 
in the above case, however, would be 26,000 volts. This gives a ratio of H.T. rectified voltage to 

> 10 
secondary P.D. across each valve of or 0*77. 

Decreasing the peak P.D. would, necessarily, increase the efficiency of rectification. The 
transformer secondary voltage, however, is more or less fixed for a given alternator and transformer, 
and any reduction of the alternator voltage usually spoils the alternator “regulation ” (the rise and 
fall of voltage with load), consequent on the production of low magnetic densities in the iron. Any 
reduction in voltage may best be effected by means of an auto-transformer arrangement of the 
primary winding. 

In the above practical case there was a smoothing condenser ripple of about 4 per cent, using 
a condenser of capacity 1 • 5 (iF. 

In paragraph 2 it was observed that the percentage high tension ripple varied inversely with 
the capacity of the smoothing condenser. In more precise terms it may be said to vary with the 
ratio X/R, where X is the reactance of the smoothing condenser, and R is the effective resistance 
presented by the load. This ratio will be small when X is small, or when R is big; when R is 
infinitely big, the rectifier is working under no load conditions. For reasons already partly referred 
to in paragraph 2, the value of the capacity is usually chosen to compromise between conflicting 
requirements. The use of too large a smoothing capacity involves pulses of charging current wiu 
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peak values which are too hi^h for the anode rating of the valve. This sets an upper limit to the 
size of the condenser, and we must compromise between the requisite degree of smoothing and the 
size of the rectifying valve. 

5. Elementary Discussion of the Design of the Smoothing Unit—Percentage Ripple. 

—By making certain simplifying assumptions, it is possible to arrive at a design criterion for a 
smoothing unit consisting of a condenser, as in Figs. 1 and 3. With reference to Fig. 2, the variation 
in rectified voltage across the condenser is a wave form which may be simplified into a series of 
saw teeth, as shown in Fig. 5. 



Fig. 5. 


When the load is relatively small, it is possible to make the following good first 
approximations:— 

(а) The mean rectified voltage (Vp) may be put equal to the peak value of the transformer 

secondary voltage 

(б) The maximum variation in voltage across the condenser (8Vp) is due to the steady 

load current (Ip) discharging for a period of lime (ST). This period of time may 
be taken to be roughly 1//, where *'/” is the frequency of the A.C. supply to the 
transformer primary. The value of the load current is roughly given by 

. ( 1 ) 


where R represents the effective value of the load on the rectifier. From simple condenser theory 
we now have— 

Quantity of electricity = current x time = Capacity x voltage change. In symbols, with 
the notation of the “ Calculus ”— 


and from (1) 


Per cent, ripple 


SQ = IpST - CSV, 


'-i 1 = CSV 

100 SV, 100 
V, “ B/C- 
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Prom (2) it follows that the percentage ripple will be small when the denominator is big. In 
order that a C.W. transmitter may preserve a constant frequency, it is essential that the H.T, 
^ pply should be as free from ripple as possible ; an alternator producing A.C. at 500 cycles/second 
is, therefore, more suitable for use in a rectifier unit designed for use with a transmitter than one 
producing (say) 50 cycles A.C. Partly for this reason, many Service transmitters use alternators 
working at 500 cycles/second. Using single phase A.C. at 50 cycles, it would be exceedingly diflftcult 
to provide the requisite degree of smoothing needed by a C.W. transmitter, though it would be 
entirely feasible to do it using a 3-phase supply at that frequency. 

Considering a numerical example :— 

If R = 10^ ohms 
f = 500 cycles/sec. 

C = 1 fiF. 

^ , ^0“ X 10* 10" 

Per cent, ripple =To-*^500 x “T = 


In the case of a full wave rectifier, the percentage ripple would be 10-0 per cent. (A 4|iP condenser 
would give better results.) In practice, these percentages would be smaller. 

Equation (2) may be modified by using X = ^ and u = 2nf 

SV, (0 2TtX 

V, ~ R/<jC~ R. 


Moreover, the average value of the rectified voltage (V,) is given by— 



2K “ K 



X 

and when is small 


V ^ 

V 0 ” 


V 


TuX. 

* +Tr 


(4) 


From (3) it follows that the percentage ripple will be small when the ratio X/R is also small. 
This form of the relation, together with (4), also stresses the point that any given percentage change 
in R without a corresponding change in X, will produce a considerable alteration in the percentage 
ripple, and in the value of the mean rectified voltage Vp. In order to minimise large percentage 
changes in R, it is advisable that there should always be some small load on the rectifier ; it is partly 
for this reason that sometimes a high resistance (c.g., 150,000 ohms) is connected permanently 
across the smoothing condenser. The percentage change from 150,000 ohms to 15,000 on load is 
a smaller percentage change than from (say) 1 megohm to the same value on load. It should be 
noted that the connection of a high resistance across the condenser is also necessary, in the Service, 
in order to conform with certain safety regulations ; it produces a discharge path to earth when the 
f'ectifier is not in use. 

From (4), when X/R is small in comparison with unity, we have 

v, = r. 

6. OverheatiiiS of the Anodes.—Overheating of the RECTIFIER anodes indicates that 
the rectifier filament emission is too low, and it should be increased. This increases the charge 
received by the smoothing condenser under the given conditions, and so raises the equilibrium P.D. 
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aCTOsA the said condenser. The efficiency of rectification is therefore increased-and the power 
dissipation at the rectifier anodes is diminished, with a corresponding diminution in anode 
temperature. ^ 

Overheating of the TRANSMITTING valve electrodes, if the anode tap is correctly adjusted, 
indicates that more power is being developed in the transmitting circuit than the anode rating of 
the valves will allow. The output from the rectifier unit should then be lowered by reducing the 
main alternator voltage. This reduces the H.T. rectified voltage proportionally and so diminishes 
the power supply to the transmitting circuit. 


7. Filament Arrangements.—^As the rectifier filaments are at a high potential to earth, 
they and their heating circuit must be carefully insulated. This is most easily accomplished by 
using an alternating heating current from a motor-alternator and step-down transformer, as shown 
in Figs. 1 and 3. It is a comparatively simple matter to provide efficient insulation for 
transformer secondary winding. 

In full wave rectification, it may be convenient to provide a separate rheostat or choke for 
each filament to control its emission in case the characteristics of the two rectifying valves differ. 

In Fig. 3 there is also shown a mechanically operated switch, called the rectifier switch. In 
the position shown, this short circuits the smoothing condenser when the rectifier is not in use. 
This is most important, as the charge remaining on the condenser may easily give a fatal shock to 
the operator. In the other position, the rectifier switch makes the filament heating circuit. 

In many more modern rectifying units, the former function of the switch is performed by a 
discharging resistance permanently connected across the condenser ; the value of the resistance is 
high and so constitutes only a small permanent load, other advantages of which have already been 
pointed out in paragraph 5. 

8. Equalising Arrangements.—In cases where large powers are being dealt with, the arrange¬ 
ment shown in Fig. 3 of tapping off the H.T. rectified supply from ONE SIDE of the two rectifying 
valve filaments, is unsuitable. 

The filament is generally arranged as a loop, and in the case of Fig. 3, one side of the loop would 
be carrying a much greater proportion of the rectihed current than the other. The extra current 
Would raise the temperature and increase the emission from one half of the loop and this half would 
wear out sooner than the other, giving the filament an unduly short life. 

It is preferable to arrange the rectifier filament circuits as in Fig. 6, where there is an 
EQUALISER COIL across each filament, and the high tension lead to the smoothing condenser 
is connected to the mid point of each coil. 
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The equaliser coil has a high inductance, and consequently takes very little of the filament 
heating current. The flow of H.T. rectified current, however, is in opposite directions in the tvw) 
|ilves of the coil, which is conseciuently non-inductive to it. 

In this way, paths of equal conductivity are provided for the rectified current in both sides 
of the filament simultaneously, equalising the current distribution in the two halves of the filament 
loop. 

An alternative method of achieving the same result would be to tap the mid point of the 
secondary winding of the filament transformer, connecting the filament to the two ends of the 
winding, and the smoothing condenser between the mid point tapping and earth. The above 
method of using chokes, has, however, the advantage of eliminating the unbalanced condition 
which would result, with the centre transformer tapping system, if the filament regulating resistance 
is included in one limb only. 

EQUALISING RESISTANCES may be used instead of equalising coils; Fig. 7 is a 
circuit showing the full wave rectifier employing equalising resistances (1) with R/F by-pass 
condensers (2) connected across them. The resistances should be large enough to constitute a 

negligible load in comparison with the filament 
load ; in one Service case the filament is supplied 
at 22 volts, and across it are connected in series 
two equalising resistances each of 25 ohms. 

Fig 7 also shows the discharging resistance 
(3) permanently connected across the smoothing 
condenser. 

Finally, it may be observed that the neces¬ 
sity for equalising arrangements is not restricted 
only to rectifying valves but applies equally to 
all valves when large powers are being dealt 
with. 

9. Transformer Secondary Voltage.— 

In the above discussion it has been assumed that 
the transformer secondary voltage follows a 
simple sine curve, but the variable load pre¬ 
sented by the rectifying valves renders it 
impossible for this to be the case in practice. 

In the analysis of half-wave rectification 
given above, the current flows through the 
rectifying valves in pulses corresponding to parts 
of the positive half cycles of secondary voltage, 
and no current flows during the remainder of 
each cycle. The effect of this variable load is 
to distort the secondary wave, i.e., to introduce harmonics of the alternator frequency. The 
rectified current flowing through the secondary winding also has a mean value in one direction, 
since all the pulses of current are in the same direction through the winding. This produces a 
steady magnetisation of the core, and therefore distorts the secondary voltage wave, as explained 
in Volume I. The effect, in practice, is to increase the time during which the current flows in the 
^Rectifying valve, but to reduce the maximum value of rectified current. Experimental curves of 
the anode-filament P.D. and the rectified current during one cycle, are shown in Fig. B. It will be 
observed that there is a considerable second harmonic in the voltage waveform. This is largely 
due to the transformer iron distortion, and is not nearly so pronounced in full wave rectification, 
as shown by the experimental curve of Fig. 9. The rectified current pulses from the two valves 
then flow in opposite directions through the secondary winding, and so the two half-cycles of the 
voltage waveform are more similar in shape, i.e,, even harmonics are reduced, and may be eliminated 
if the two valves are identical and have the same filament emission. 
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HALF-WAVE RECTIFICATIOM. 

Fig. 8 




FULL-WAVE RECTIFICATION 

Fig. 9. 


10. Metal RectlfierB.—^There are many other “one way devices ’* with properties similar 
to those of diode valves, enabling them to be used as rectifiers. ' 

Metal rectifiers “ arc very frequently used instead of valve rectifiers to produce the H.T. 
supply for receiving and low power transmitting circuits when the primary electrical supply is 
alternating. The metal rectifier operates on the same principle as the crystal detector. The most 
usual form is a copper disc, one face of which is oxidised by a special heat treatment. The contact 
between the film of copper oxide and the metallic copper behaves like a crystal and cat's-whisker, 
or crystal couple. A voltage applied in the direction from oxide to met^ gives a much greater 
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current than the same voltage applied in the opposite direction—from metal to oxide. Alternatively, 
the metal rectifier may be compared with a diode in which the oxide is the anode and the metal is 
.the cathode or filament. 

The flow of current during r'3ctification develops heat in the disc, and, as the temperature of 
the disc increases, the difference between its conductivities in opposite directions is diminished, 
f tf., its efltciency is decreased ; further, overheating may cause chemical changes which permanently 
impair the action. There is hence an upper limit to the voltage which may be applied across any 
one disc, and, for higher voltages, two or more rectifiers in series must be used. To increase the flow 
of rectified current for a given applied voltage, the appropriate number of rectifiers may be con¬ 
nected in parallel. 





Fig. 10. 


The ordinary rectifier unit consists of a number of rectifier discs. Fig. 10 [a), mounted in series 
on a screwed bolt and insulated from it by a sleeve. The discs are separated by lead washers, 
and conducting spacers and large metal fins arc interposed alternately between discs to dissipate 
the heat developed. 

Provided a metal rectifier unit is not overloaded, its life should be very much longer than that 
a valve rectifier. 

T 3 ^ical “full-wave " metal rectifier circuits are shown in Fig. 10, although Fig. 10 (c) is not 
strictly “full wave" (H.3). The arrowhead in the “bench mark" symbol for a metal rectifier 
indicates that direction of an applied voltage for which it is conducting, and hence also indicates the 
direction of conventional current flow through it. The electronic flow is in the opposite direction- 

Fig. 10 (c) corresponds exactly to Fig. 3, the valve full-wave rectifier. In Fig. 10 frf) an 
^angement is shown whereby the centre tapping on the transformer secondary winding may be 
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dispensed with. Rectifiers (1) and (4) are conducting during one half-cycle of applied alternating 
voltage, and rectifiers (2) and (3) during the next half-cycle. For the same transformer secondary 
voltage, the output voltage is twice that given for the circuit of Fig. 10 (c). Fi^. 10 (/) and ^ 
show two alternative ways of drawing the circuit of Fig. 10 (i) ; the symmetrical arrangement 
of Fig. 10 (J) is very commonly seen. 

Fig. 10 (e) shows a circuit giving a rectified voltage approximately twice the value of the 
transformer secondary voltage. The two rectifiers, connected in opposite directions to the’ same 
secondary terminal, behave as half-wave rectifiers during alternate half-cycles, and provide rectified 
voltages in the same direction across their respective smoothing condensers. These condensers 
are in series and so their voltages are additive. Voltage doublers are frequently used in X-ray 
and other low power circuits where high voltages are required and the inverse voltage would be too 
high for the ordinary circuits ; with suitable arrangements, voltages may be produced with as 
large a value as 400,000 volts. 

The film of copper oxide on the copper is so thin that the arrangement acts as a capacity with' 
a resistance in parallel. The high capacity of this rectifying device has presented a difficulty 
hindering its use in K/F rectifying circuit. The difficulty has, however, been overcome in various 
ways, one of which is by the use of rectifying surfaces of small area. The metal rectifier is an almost 
perfect linear detector, and can be made to take the place of a valve rectifier in most receiving 
circuits, provided that it is preceded by stages of R/F amplification. The copper oxide rectifier 
gives good results with input voltages above a minimum of 3 volts, and so functions well as the 
(say) second detector in a superheterodyne circuit. 

11. The Mercury Vapour Rectifier.—Diodes are now almost solely used for rectifying 
alternating current. Small double diodes in glass bulbs are used for supplying currents of the order 
of 0* 1 amp. for high tension purposes in leceiving apparatus, while larger ones with silica or water- 
cooled envelopes arc used for delivering several milliamps at many thousands of volts to tra^^s- 
mitting sets, in the way that has been described in the foregoing paragraphs. In the case of all 
of the ordinary hard diodes, there is a considerable loss of power inside the valve owing to its high 
internal resistance. In the case of the example quoted in Section “ B,"' for a current of 2 amperes, 
the anode voltage is of the older of 1,000 volts, which represents an A.C. resistance of approximately 
500 ohms. The “ regulation characteristic " of .an ordmary diode is very poor. 

In recent years a very successful type of soft diode has come into use for power rectification. 

The “ gas " remaining in the valve is mercury vapour in equilibrium with the liquid. When 
the cathode is heated it emits electrons which are attracted to the anode in the ordinary way; as 
they pass across the tube frequent collisions with mercury molecules will occur, and if the velocity 
of impact is great enough the molecules may be split into ions. In practice it is found that for a 
given soft diode of this kind, the ionisation potential is roughly constant at about 15 volts. With 
that P.D. between anode and cathode, the electrons can just acquire the requisite speed between 
collisions with mercury molecules in order completely to ionise the vapour. When the P.D. is 
below 15 volts the current is very small and the resistance of the tube is quite high. At the ionising 
potential, the current suddenly increases vastly and the resistance drops almost to zero; at the 
same instant, a blue glow permeates the^tube. 

For comparative purposes Fig. 11 shows the characteristic curves of a soft diode and a hard 
diode resjHxtively. For an anode current of 200 milliamps, there is a drop in P.D. across the hard 
diode of 105 volts, the drop across the mercury vapour diode being only 15 volts. It is obvious 
that a valve with a characteristic of this kind represents an approach to the ideal rectifier ; the low 
value of the internal resistance implies that the “ voltage regulation " will be very good. . 

When ionisation occurs, a part of the increase in anode current is due to the assistance of the 
ionic ctfmrrs of electric charges, the process being analogous to electrolytic conduction. It has, 
however, been shown that the relatively slowly moving ions do not constitute a large part of the 
anode current, the principal cause of this increase being the neutralisation of the negative space 
charge near cathode by means of positive ions. When this has been done, electrons will be 
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Irawn to the anode as fast as they are emitted from the cathode, provided that the F.D. is equal tQ 
ibout 15 volts. Roughly, it may be said that the function of the gas is the neutralisation of 
the space charge. 

The presence of relatively heavy positive ions is attended with certain disadvantages. Positive 
ions falling on the cathode surface are liable to cause its disintegration. It is found, however, that 

provided the ions do not fall through a 
potential difference of more than 22 volts 
they have not a seriously injurious effect 
on the surfaces. It is, in fact, possible 
to use ordinary oxide coated emitting 
surfaces, and with anode voltages Of 
between 15 and 20 volts positive with 
respect to the cathode, it is easy to have 
an anode current constituting the entire 
filament emission. 

Soft valves suffer from the drawback 
—for Naval purposes—of delayed action on 
starting. The cathodes require 20 seconds 
or so to heat up to the point of maximum 
emission, and it is dangerous to apply 
H.T. for at least half a minute, since 
there may not be sufl5cient electron 
emission to produce ionisation of the gas 
and to prevent the voltage across the tube 
from rising above the value which will 
disintegrate the filament or cathode surface. 
Even before general ionisation takes place, 
there are some positive ions left within 
the tube, and to prevent injury to the 
cathode it is essential that these should 
not fall through a potential difference greater than 22 volts. Premature application of H.T. must, 
therefore, be avoided; this delay sometimes constitutes a disadvantage. In commercial practice, 
special thermal delay action switches are in common use, in order to avoid applying the H.T. 



Fig. 11. 


too early. 

The circuits already described for half and full-wave rectification, and voltage doubling, may 
be applied equally well to the mercury vapour rectifier. It is important that the load resistance 
in the circuit should always be sufficiently high to prevent the appearance of a P.D. of more than 
about 15 volts across the valve. An accidental short circuit across the load would apply the full 
P.D. of the alternator secondary across the tube with fatal results to the latter ; an ordinary 
diode rectifier might stand this treatment, since the first action would only be the heating of the 
anode. Care must also be taken that the maximum “ inverse voltage does not rise as high as 
the “ sparking voltage " through the low pressure mercury vapour tube ; this is somewhat lower 
than would be the case if mercury vapour were not present. 


12. Voltage Regulation In Rectified A.C. Supply Units.—When any source of power- 
such as an accumulator or a dynamo—is put on load, the terminal P.D. falls, the relation between 
the terminal P.D. and the load being called the ** voltage regulation characteristic." The numerical 
value of the fall will depend upon the relative value of the load resistance and the internal resistance 
of the source of power. The fall in P.D. is sometimes referred to as the "lost volts " in the power 
unit. 

In paragraph 5, equation (4) shows very approximately the way in which the value of the 
rectified voltage (Vg) varies with the load R in the case of a rectifier with a smoothing condenser. 
In the case of most rectifiers and smoothing units, approximate calculations can be made of all 
aspects of their performance with the exception of the voltage regulation ; this is a matter which 
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presents considerable difficulty. The exc^^llent voltage regulation of accumulators and mercury 
vapour rectifiers has been referred to in paragraphs 1 and 11. If it were desired to operate a variety 
of receivers from a rectified A.C. supply, using a single SUPPLY UNIT, the voltage regulation 
characteristics of the supply unit would become of great importance. In the case of both I^*±( 
and L.T. supply units, the internal resistance of the rectifiers commonly used is very high compared 
with that of a battery of accumulators, and the consequent bad voltage regulation with load is 
made worse by the resistance of the smoothing chokes, which are usually included as well as a 
smoothing condenser. 

For comparison, Fig. 12 represents the voltage regulation characteristics of a mercu^ vapour 
rectifier, and a hard diode rectifier, each working in similar full-wave rectifying circuits. The 
relative steepness of the two sets of curves demonstrates the superior regulation characteristics of 
the mercury vapour rectifier. 


regulation CMARACTCRldTies 

FOR felCRCUnV VAPOUR TUR£5 IN 


FMLL WAVE RBcriFlCR 



^MILLI amps) 

(a) 


regulation characteristics 

FOR HARD DIODE TUBES IN 



OUTPUT CURRCNT PER ITALV^E 

(milliamps) 

ce-) 


Fig. 12. 


There are three ways in which the voltage output from a rectifier unit may be maintained within 
prescribed limits;— 

(а) A rectifier may be used of much greater maximum output than the biggest load to be 

taken from it, the rectifier being loaded with a permanent load so that the variations 
in load may be small. 

(б) A constant load may be maintained on the rectifier equal to the maximum load ; this 

may be done automatically or by switching. 

(c) The input A.C. voltage to the rectifier may be increased as the output load increases. 

In one Service supply unit, giving both H.T. and L.T. direct current outputs, method (6) is used to 
stabilise the H.T. supply, the L.T. supply being stabilised by method (c). In most cases it would be 
economically unsound to employ method (a). 

13. L.T. Voltage Stabillaatlon, —Fig. 13 {a) represents the circuit details of a method of low 
tension voltage stabilisation, in which the A.C. input voltage to the rectifier is automatically increased 
as the external D.C. load current increases, so as to maintain the load voltage within the prescribed 
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limits. In this method, considerable over-compensation of the rectifier output D.C. voltage is 
necessary because of the resistance of the filter circuit. For example, if the filter circuit has a 
resistance of 1 ohm, the output D.C. voltage from the rectifier must increase from 4 volts to 6 volts 
4 as the load current increases from 0 to 2 amps, in order to maintain the load voltage at 4 volts. To 
reduce the total over-compensation required, it is necessary to make the D.C. resistance of the 
output filter circuit as low as possible. 


9 a 





Fig. 13. 

The A-C. input to the rectifier passes through two identical chokes (L) on closed iron cores. 
The D.C. load current passes through the polarising windings (S) on the chokes. As the load current 
increases, the iron cores of the chokes approach saturation with consequent reduction of the 
permeability, and hence the inductance of the chokes (Volume I) ; the impedance of the chokes 
therefore decreases as the load increases. 

The input resistance of the rectifier also decreases as the load current increases, but if the 
^percentage decrease in impedance of the chokes is greater than that of the rectifier, the A.C. voltage 
input to the latter will increase. 

The bridge rectifier circuit is made up of metal rectifiers, the impedance of which varies con¬ 
siderably between no load and full load In one case, it was found to be 130 ohms at no load, 
compared with 20 ohms for a load of 0* 1 amp. at 4 volts, and 3-9 ohms for a load of 2*0 amps, 
at 4 volts. To avoid the necessity of compensating for the large variations of rectifier impedance 
with very light loads, a semi-adjustable load lesistance R is connected across the output terminals 
of the rectifier in order to take a small permanent load (paragraph 5). 

The polarising windings (S) in which the D C. rectified output flows, are arranged so that the 
induced 50 cycle voltages cancel each other (a ‘‘hum bucking*' arrangement). Although this 
prevents any E M.F. at the supply frequency (50 cycles) being introduced into the output circuit 
from the polarising windings, even harmonics of the supply frequency do not cancel, and as a result 
of the distortion of the supply waveform by the saturated cores of the chokes, large voltages at these 
frequencies are induced into the output circuit. The attenuation of the L.T. filter circuit must be 
adequate to prevent interference with reception from this source. The diagram of a complete 
filter circuit in a rectified A.C. supply unit is shown in Fig. 15. 

The circuit of Fig. 13 was designed to give at the output terminals a ripple-jree D.C. supply 
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iroltage wliich remained within the limits 3-6 to 4*2 volts for any load currmt up to 2^ amperes. 
The stabilising resistance r (about 20 ohms) prevents “ motor boating''; since the P.D. across L 
decreases as the load increases, negative resistancemay exist. 

This circuit could be analysed mathematically from the equivalent diagram of Fig. *3 (ft) 
which E = the applied A.C. voltage, V = the voltage input to the rectifier, = the impedance 
of the chokes at the supply frequency, Z* = the rectifier impedance at the supply frequency. 
From Ohm's law we have 

Z 

V = E ^, and V is the voltage which it is desired to maintain constant. 

Z|. + Zb 

Zt and Zb are each separately dependent on the D.C. load current. From this point, the 
remainder of the analysis is left a.s an exercise for the mathematician. 

14. H-T. Voltage Stabilisation.—Fig. 14 (c) gives the circuit details of an automatic method 
of H.T voltage stabilisation using a compensating load in parallel with the external load ; the 
foimer INCREASES and decreases as the external load DECREASES or increases, in such a 
measure as to maintain a constant load on the rectifier and hence a constant output voltage. In 
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the case described in this paragraph, the glow discharge tube constitutes the compensating pataUel 
load. In paragraph 15, the H.T. voltage stabilised circuit therein described uses a triode valve to 
^maintain a constant load on the rectifier. 

Glow discharge tubes are the* now familiar neon tubes, containing the gas, mixed with certain 
others, at a pressure of about 10 mm. of mercury. To understand their action, consider the expert 
ment represented in Fig. 14 (a). If V represents an ordinary voltmeter, no appreciable current 
will pass through the tube until H is reduced, so that the potentiometer formed by H and V allows 
the voltage across V to become equal to the “striking potential “ of the tube—about 140 volts. 
At that point the gas suddenly ionises, a change which is accompanied by a rapid fall in effective 
resistance of the tube. After ionisation, the voltage across the tube is never small; the running 
voltage " is lower than the striking voltage, and is only a few volts higher than that at which the 
discharge ceases and recombination of the ions takes place. The voltage at which the discharge 
ceases is called the “ extinction potential,” and the P.D. across the tube is always between that and 
>the running voltage. 

It may be noted that if this experiment is conducted in a darkened room, it is usually possible 
to detect a glow in the neighbourhood of the anode when the P.D. across the tube is well below that 
necessary to cause ionisation ; actually, a minute current flows through the tube. It may also be 
noted that if the voltmeter V were an electrostatic voltmeter, the tube will always strike provided 
H is finite. 

In many respects, the glow discharge tube resembles the mercury vapour rectifier discussed in 
paragraph 11. This is evident from an inspection of the rharacteri.stic curve of Fig. 14 (6), from 
wliich it is seen that, on ionisation, the effective resistant e of the tube decicases very rapidly from 
about 400 ohms to about 70 ohms in the running condition. The “ effective resistance ” of the tube 
varies with the P.D. across it, and may be determined from the slope of the characteristic curve at 
any desired point. In the normal running condition, the tube may be considered to be working 
towards the bottom of the straight portion of its characteristic (as indicated), in which condition 
-A the resistance is about 70 ohms. 

The graph shown in Fig. 14 (b) represents the characteristic curve of a typical commercial tube 
rated to stabilise a load of 0-60 milliamps at 125 volts. Its stabilising action may be appreciated 
by assuming an equation for the straight line portion of the characteristic 



where - is the slope of the curve, and is therefore large, and where b is a constant. 

This may also be written in the foim V = rl -| rb -- rl -|- E. 

^ * From this it appears that the output voltage available across the tube is the sum of a large 
CONSTANT term “ E ” (a back E.M.F.), and a small VAJ^IABLE term “ rl.” In this variable 
term, “ r ” is the reciprocal of the slope of the characteristic and, therefore, represents the effective 
resistance of the tube, which normally has the low value of about 70 ohms. The current I is 
kept small by having the resistance H laige. The large value of the latter resistance is thus an 
essential feature of the stabilising device, quite apart from the fact that it must always be large in 
order to limit the maximum current through the discharge tube to its rated maximum value, 
Too large a value of the discharge current will produce an arc and destroy the tube. 

The method of connecting the discharge tube voltage stabiliser is shown in Fig. 14 (c). As the 
external load incretises the output volts tend to decrease, causing a large decrease in current through 
^the tube. If the external demand ceases, the rectifier output volts tend to go up, and the current 
through the tube increases very greatly for a small increase in voltage. The nett effect of con¬ 
necting the tube in parallel with the external load is to maintain a nearly constant current demand 
on the rectifier. In one practical case, a variation in load current of 50 milliamps produced a 
variation in output voltage of approximately 2 volts; this may be compared with a variation of 
50 volts in the case of a full wave hard diode rectifier. 

In order to ensure that the discharge tube will strike when the supply outfit is switched on, 
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with the maximum load already connected to its terminals, it is necessary that the resistance H 
should have a much lower value initially than finally. This condition may be achieved by 
using a tungsten filament lamp as the resistance H. The advantage of this may be made clear b)^'’’ 
an example. Let the neon tube have the following characteristics :— ' 

Striking voltage = 140 volts. 

Running voltage = 100 volts. 

Maximum working current = 60 milliamps. 

Resistance of choke --=200 ohms. 

Maximum load = 50 milliamps, corresponding to a resistance of 2,000 ohms. 

Then if H is a 220 volt, 25 watt tungsten filament lamp, with a cold resistance of 300 ohms and a 
hot resistance at 80 volts of 1,300 ohms, the voltage across the load when the supply is switched 
on is— 

2000 V , 

V = E X ’2^)* which E = 5/4 V. (para. 13) 

Hence, if V is equal to or greater than 140 volts, E must be equal to or greater than 175 volts. 

If E is made 190 volts, the tube will strike with the heaviest load connected, and the maximum 
current through the tube (with no load) will be 60 milliamps. If the resistance of H were 1,300 
ohms initially, the tube would not strike if an output load of less than 4,200 ohms were in circuit 
with the supply voltage of 190 volts. 

The commercial “ Stabilovolt " valves represent an improvement on the simple neon tube 
with two electrodes. Over a considerable distance between the two electrodes within the simple 
tube there is a regular fall of potential, suggesting that the tube virtually has the properties of a 
potentiometer. It has been found that by arranging additional electrodes between the anode and 
cathode, advantage may be taken of this potentiometer effect. In the Marconi Co.'s tube, the 
anode and cathode consist of co-axial cylinders one within the other, and the other electrodes are 
cylindrical grids suitably spaced between the inner and outer cylinders. A tube of this nature 
makes it possible simultaneously to stabilise a number of different D.C. voltages ; in one practical 
case, the voltages available are 280 volts, 210 volts, 140 volts and 70 volts. 

15. A Comprehensive A.C. Supply Unit.—^Fig. 15 represents the circuit details of a supply 
unit working from a single phase A.C. input of 230 volts at 50 cycles/sec. 

On the output side app)ears— 

(а) 4 volts A.C., maximum current 6 amps., for the filament heating of indirectly heated 

valves. 

(б) 4 volts D.C-, maximum current 2 amps., for the filament heating of directly heated 

valves. 

(c) A choice of 50 volts or 100 volts D.C., maximum current 0-1 amp., for the H.T. supply 
to receivers. 

The circuit details of the L.T. voltage stabiliser have already been described above. The initial 
adjustment of the L.T. output voltage is carried out by means of the semi-adjustable resistance R, 
of 18 ohms maximum value ; this is set so that the required voltage regidation chaiacteristics are 
obtained. The input voltage will be about 9 or 10 volts. 

The H.T. supply is obtained from a full-wave rectifying valve, the filament and anodes of 
which are fed by windings from the transformer. An unsmoothed D.C. output of about 180 volts* 
at 100 milliamps can be obtained from the rectifying valve. This is smoothed by a two-stage low- 
pass filter, using chokes (1) and condensers (2) in conjunction with reservoir condenser (10). 
The voltage is reduced by means of the lamp resistance (3), and the adjustable resistance (4) of 
600 ohms maximum value. The voltage at the 100 volt D.C. output terminals is stabihsed by 
means of either a discharge tube voltage stabiliser, or a triode valve. The alterations in circuit to 
enable either method of stabilisation to be used are made by means of links and sockets. 



Section " H/' 


U 


In the case of the discharge tube, the links put the tube in circuit in the way which has already 
been described above. In that case the lamp (3) may be a 100 volt 16 watt metal filament lamp* 
aijd the resistance (4) is adjusted initially so that the current through the discharge tube, with no 
external load, is about 80 milliamDS. 

The triode stabilising circuit employs a triode of low A.C. resistance and high mutual con¬ 
ductance, which fits the same holder as is employed for the discharge tube. In this position, the 
links connect the anode to the positive H.T. output terminal and remove the earth connection from 
the grid, connecting the latter to a tapping point on the potentiometer formed by resistances (5), 
(6) and (7), connected between the 100 volt positive output terminal and the common negative. 
The filament of the stabilising valve is heated from a winding on the transformer which has a centre 
tap connected to earth. 



The method of operation of the stabilising valve is as follows ;— 

, ^ The bias on the grid of the valve is the result of the NEGATIVE bias set up by the current 
I passing through the resistances (3) and (4), equal to the valve current plus the external load 
current, and the POSITIVE bias given by the potentiometer. The nett bias, with no external 
load, is zero or slightly negative. When an external load is comiected, the current I increases ; 
this makes the grid of the stabilising valve more negative. The voltage drop in the chokes (1) 
increases this negative bias still further. Consequently, the stabilising valve takes less current, 
and the increase in total current I is much less than it would be in the absence of the triode. 
The additional or load current is supplied at the expense of the valve current, thereby tending to 
maintain the total current at a constant value. The fall of output voltage with the increase of load 
current is thereby much reduced. In one practical case, the load variation of 50 milliamps 
produces a voltage variation of from 20 to 25 volts. Using the triode stabiliser, resistance (3) may 
conveniently be a 220 volt 16 c.p. carbon filament lamp. 

The initial adjustment of the H.T. output voltage is made by means of variable resistance (4) 
and the grid bias potentiometer (6), so that the output H.T. voltage, with no external load, is 110 
volts with a current of 80-100 milliamps. passing through the stabilising valve. 

The 50 volt H.T. output terminal is fed from the 100 volt terminal through resistances (B) 
and (9), constituting a potentiometer across the H.T. supply. 

n 
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The rectifying condensers in the model have the following values; Condenser (10), 500 volts 
test, 4(iJF,; condenser (11), l^OOOfiF. (electrolytic type). 

16. Central W/T Power System.—In the foregoing paragraphs, the provision of power 
receivers and transmitters has been considered as if it were a separate problem. In many cases it 
may be so, but in the case of large W/T installations, such as those in ships, it may well be more 
economical, and better in other ways, to avoid a piecemeal solution of the problem. This would 
involve the adoption of some “ central power supply system," the details of which would depend 
upon requirements. 

A convenient form of central power might be 3-phase alternating current at 50 cycles per 
second. 

For the use of receivers, 1()W power transmitters, and for some auxiliary services, a single phase 
A.C. supply at 230 volts could be obtained from that source. Rectification could be undertaken 
as requisite in the vicinity of the receiver or other apparatus requiring D.C. input. 

For llie use of high powered transmitters, it would be necessary to use the 3 phases of the 
central power supply. The main reason for this is that very much less smoothing would be required 
than in the case of single phase. The employment of 50 cycles single pha.se A.C. for high power 
transmitters would involve the use of smoothing equipment of prohibitive size and weight. This 
matter has already been referred to in paragraph 5, and also provides a reason for the very common 
use of A.C. at 500 cycles in connection with the H.T. supply to transmitters. Moreover, many 
transmittcjs pioduriiig I.C.W. rely on the frequency of the main alternator for the production of 
the nece.ssary modulation, eg., a 1,000 cycle note in the case of a full-wave rectifier working at 
500 cycles. If, however, a valve modulating circuit is employed instead of the main supply, 
modulation may be undertaken at any desired frequency, and there is no longer any valid reason 
for the retention of 500 cycle A.C. generators. 

In the case of a laige W/T installation a central power supply system has many advantages, 
among which may be included :— 

[а) Reduction in the number of machines required. 

(б) Only one type of alternator would be needed. 

(c) ( onsidcrable saving in space and weight would result—an important matter in ships. 

id) Willi the genrial use of alternating current in the neighbourhood of the W/T installa¬ 
tion, intcrfeience to W/T reception due to commutation noises would be considerably 
reduced. 

With any such system it would be essential to have very efficient voltage control arrangements. 


POWER SUPPLIES. 

EXAMINATION QUESTIONS. 

1. Give a circuit diagram of a full-wave thermionic rectifier complete with smoothing circuit suitable 

for supplying high-tension direct current to a valve transmitter. 

(C. & G. I., 1933.) 

2. Describe a full-wave thermionic rectifier suitable for converting a single-phase, low-tension 

alternating current to high-tension direct current for the anode supply of a C.W. trails- 
mittci. Mention particulaily any parts of the apparatus which must be insulated to 
Withstand high potentials. 

(C. & G. I., 1928.) 

3. Describe fully a method of obtaining low-tension and high-tension current supplies for a broad¬ 

casting receiver from A.C. mains. 

(I.E.E,, October, 1926.) 
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VALVE TRANSMITTERS. 

^ 1. Historlcid Note ; C.W, Transmission. —In Section "A,” paragraph L reference has 

already been made to the extreme tibsolescence of the spark transmitter. The excessive interference 
produced by the radiation of damped wave trains, combined with a growing demand for radio¬ 
telephony, served as the stimulus to the development of C.W. transmitters. The first of these 
involved the use of either a high frequency alternator, or the Poulsen arc. The production of C.W. 
oscillations by means of the thermionic valve was, in the early stages, restricted in its use to local 
heterodyne oscillators and low power transmitters. The development of the valve transmitter has, 
in some way, been proportional to the rate at which the power-handling capacity of the valve has 
increased, the latter having run concurrently ^\ith receiving valve development. The power hand¬ 
ling capacity of the early valves was very small, and valve transmitters compared unfavourably with 
existing methods of producing C.W. 

' ^ Some idea of the progress of the development of valve transmitters—slow at first, but now 
proceeding fast—^may be gleaned from an inspection of the following list of approximate dates :— 

1913—^The use of “soft” valves was generally appreciated in receivers. 

1915— Successful telephony experiments between America and Paris. The need was recog¬ 

nised for higher powered valves, with consequenlly higher vacuum. 40 to 50 
watts was not a big enough “ anode rating ” to achieve long distance telegraphy 
at the low frequencies then in use. 

1916— Ship instafiations were still mostly aic tiansmitters. New ships began to be fitted with 

valve sets. The production of " hard ” valves had commenced, and, in June of that 
year, signals were successfully sent between Portsmouth and Gibraltar. In that 
case the Tungsten anodes of the valves were worked at 2,000 volts, and a current of 
about 10 amps, was obtained in an aerial having a total resistance of 5 ohms. 

1917— The Marconi-Osram Co. commenced the production of transmitting valves for the 

Admiralty, and the glass valve with an anode dissipation of 150 watts was made in 
this year. French authorities issued thousands of small valve transi* itters and 
receivers for use on the battlefields. 

1919— The obsolescence of the spark transmitter definitely began. C.W. was in general use 

in big stations, usually produced by the Poulsen arc or H/F altcniator. Silica valves 
were introduced, those with an anode dissipation of 1 kW being quite common. 

1920— Thermionic valves were still somewhat limited in power and only used in small trans¬ 

mitters, since it was uneconomical to use a large number of small valves in parallel. 

1922— Experimental valves rated at 100 kW. had been produced, but the 500 watt glass bulb 

transmitter was still the most common. Crystal control of frequency began to 
develop from this year. The B.B.C. was founded and erected eight stations within 
the year. 

1923— Demountable valves were produced by Holweek, and two rated at 10 kW. were 

installed at the Eiffel Tower. 

1924— ^The beginning of the H/F era. Successful telephony between Poldhu and Sydney. 

The invention of the copper-glass seal enabled a great increase to take place in the 
anode rating of valves; the anode became accessible and could be water jacketed 
in order to cool it. 

1927—^The G.P.O. opened a transatlantic telephone service using the “single side band “ 
system. The power of the transmitter was about 100 kW., and the final stage at 
first included thirty 10 kW. water-cooled valves. 

1931— A 500 kW. demountable valve was installed experimentally in the single side band 

transmitter. 

1932— Commencement of the B.B.C. Empire H/F beam broadcasts. 

1933— ^The British telephone subscriber able to communicate with about 95 per cent, of the 

world's telephones, by means of the numerous radio-telephone links which have 
been established. 

mZ 
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J 2. The Simplest Valve Transmitter. —It should now be recognised that the xther waves 
set up by the flow of an oscillatory current in an aerial circuit are of the same nature as the current. 
If the current is damped, the xther waves are similarly damped. If an undamped oscillatory 
current can be produced, then undamped xther waves will be sent out from the aerial. 



BATraav 

SIMPLE VALVE TRANSMITTER, 

Fig. 1. 

A simple valve circuit capable of producing an undamped oscillatory current is shown in Fig. I. 
The filament heating ciicuit and the H.T. battery between anode and filament are already familiar. 
It is to be noted that the positive terminal of the H.T. battery is not fastened directly to the anode, 
but to one end of an inductance, tlie other end of which is connected to the anode. I'his does not 
affect the peimanent deficit of electrons on the anode under such conditions, but it docs mean that 
the electrons flowing tliioiigh the valve to the anode to supply the deficiency (when the grid allows 
them), then flow thiough the inductance in the anode lead on their way back to filament through 
the key and the battery, lietween the grid and filament of the valve there is connected an oscillatory 
circuit. 

Until the key is pressed no current will flow through the valve, but there will be an emission of 
electrons from the filament, their number depending on the heating current; the emitted electrons 
form a cloud in the neighbourhood of the filament called the space charge (B.21). 

When the key is pressed, the anode is made positive to the filament and electrons start to flow 
across the valve. Since there is an inductance in the anode lead, the current will not rise instan¬ 
taneously to the value it would have if the positive terminal of the battery were connected directly 
to the anode. A current whose value is changing (increasing) flows through the inductance ; if 
there were no grid circuit attached to the valve, the current could be assumed to grow exponentially 
up to its final steady value. 

Since, however, there is an oscillatory circuit attached to the grid, the inductance of which 
is magnetically coupled to that in the anode lead, any change in magnetic flux produced in the latter 
must be accompanied by some reaction produced in the former. Lenz s law tells us, shortly, that 
the direction of any reaction in the grid inductance coil must be such that it tends to counter the 

change of flux. Since the anode and grid coils of Fig. 1 are each wound in the same direction. 
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an electron current moving upwards through the anode coil produces flux in the grid coil which can only 
be countered by an electron current moving downwards through L. In the oscillatory circuit, the 
^ ^ottom plate of C therefore becomes negative, acquiring a surplus of electrons, while the lop plate 
suffers from an increasing deficit of electrons, and therefore becomes positively charged. This 
implies that the grid becomes positive with respect to the filament, a fact which further tends to 
increase the flow of electrons from filament to anode in the valve, and so further to increase the down¬ 
ward flowing electrons tlirough L ; a self-supporting system appears to have been set up, since the 
reaction of the system is to produce an effect tending to support the initial cause. 

The current in the anode coil does not go on increasing indefinitely, nor docs the condenser C 
continue to be charged in a way which makes the top plate more and more positive. The anode 
current tends to become steady at the value it would have if there were no grid circuit ; due to the 
mutual action of the grid coil L, and the inertia of the oscillatory circuit, the anode current overshoots 
its steady value, rising to some value higher than its value under static conditions. Ultimately, 
the anode current starts to fall, and an increasing electron cunent commences to flow in the down- 
ward direction through the anode coil. For the same reason as before, this must produce an electron 
current which rises upwards through L, thus making the grid potential pass from positive values, 
through zero, to a negative potential with respect In the filament Since a positive potential on the 
grid assisted an electron current moving upwards through the anode coil, the negative potential on 
the grid must equally assist an electron current moving dowmwaids through that coil; again, a 
self-supporting system has been produced. 

Wlien considering the effect of the sustained action of the anode coil, the effect of the initial action 
of switching on the H.T. battery is to charge the condenser C. Later, the condenser must start to 
discharge, and if the oscillatory circuit were disconnected from the grid anti filament this discharge 
would produce a damped oscillatory current ; the energy initially given to the condenser would be 
dissipated away in the form of heat and aether waves. In such a damped oscillation, the impetus 
.r)f the electrons flowing out of the condenser charged in one direction is not, by itself, sufficient to 
g^ve the condenser the same charge in the opposite direction as it originally had ; the maximum P.D, 
across the condenser becomes progressively smaller as the oscillation dies away. 

In the present case, however, the downward flowing electrons through L receive an extra 
kick and, when the direction of electron flow changes, the upward flowing electrons receive a 
similar kick from the coil in the anode lead The nearer the anode coil is to the grid inductance, the 
greater is this kick, and it can be made sufficient to compensate for the loss of energy in the form of 
heat and aether waves, and to charge up the condenser in the opposite direction by an amount equal 
to its initial charge. It is even possible to over-compensate fur that loss of energy ; in which case, 
the condenser becomes charged to a greater and greater potential in successive swings, until an 
equilibrium point is reached when the additional energy being dissipated is just equal to the amount 
^fllhich is derived from the additional kick. If the two coils are coupled as .shown, but are not wound 
in the same direction, the diiection of the kick will be in anti-phase to the oscillation wliich it is 
desired to support, and oscillations will cease. 

It will be seen that, as long as the key is pressed, the alternating upward and downward flow 
of electron currents in L are maintained by energy derived in the form of kicks from the anode coil. 
In all cases an equilibrium is reached, and an oscillatory current of constant amplitude is maintained. 
By coupling to an aerial it is possible to radiate an undamped aether wave. 

At first sight, the process may look rather like the attempt of a man to lift himself by pulling 
at his own bootstraps, since the changing currents in the anode coil are caused by the grid becoming 
^temately positive and negative to filament, and the maintenance of this in constant amount depends 
in turn on the same changing currents in the anode coil. It must be remembered, however, that it is 
the deficit of electrons on the anode, due to the battery between anode and filament, which causes any 
current to flow through the anode coil at all. The grid is not responsible for this current any more 
thtfn the policeman on point duty is responsible for the presence of traffic in his street. He merely 
controls its movements along the street, just as the grid controls the flow of current to the anode 
and therefore through the anode coil. The power which carries the vehicles along is their own engine 

H 3 
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power. The power which carries the electrons through the valve and the wode c^il, and which 
ultimately supplies the heat and sther wave power losses in the oscillatory.drcuit, is derivi^ from 
the H-T. battery. When the key is released and the battery connection broken, the oscillaton' 
current in the grid circuit dies away because of heat and radiation losses, just as it did in the spaj^k 
transmitter circuit. The condenser is, of course, not charged again until the key is pressed once 
more. Thus the oscillation is continuous all the time the key is pressed, dies out as a damped oscilla¬ 
tion when the key is released, and nothing more happens until the key is again pressed. 

In the circuit shown in Fig. 1, the undamped oscillatory current is not generated in the aerial 
circuit, but is transferred to it by mutual inductance from the primary oscillatory circuit between 
grid and filament of the valve. The primary circuit could, however, be utilised as an open oscillatory 
circuit, and a separate aerial circuit be dispensed with, by substituting an aerial for the primary 
condenser. 

The circuit is sometimes used in heterod}me oscillators. 

From another point of view, this simple self-oscillatory system may be regarded as a converter 
of energy from D.C. to A.C This is a change which can be effected with an efficiency which will be 
considered later. 

An analogy sometimes used in describing the action of a valve oscillator is that of a pendulum 
clock and its associated spring, or falling weights. The stored energy of the spring, or the potential 
energy of the weights, is fed at the top of the pendulum in the form of “ kicks '' by means of the 
mechanism known as the “ escapement.” The latter is comparable, in function, to the anode coil 
of this simple oscillator, the nelt effect being to convert energy of one form into the oscillatory energy 
of motion of the pendulum. The analogy is not quite a perfect one, since the escapement of a pen¬ 
dulum applies the push at the point of maximum potential energy, while in the valve circuit the 
greatest push occurs close to the point of maximum kinetic energy ; the valve circuit is more nearly 
equivalent to a pendulum in which the kick is applied at the centre of the swing and not at the ends. 

3. From Reaction Receiver to Oscillator.—In order that one can better understand the 
subsequent development of the simple valve oscillator, it is essential to put the above qualitative 
account into more precise form. It is evident that Fig. 1 represents the basic circuit of a reaction 
receiver, and it will be recalled that the object of regenerative amplification is to feed back sufficient 

negative resistance ” (or energy) to neutralise, p)artially, the damping of the positive resistance in 
the circuit (Section “ D It lias already been shown that if too much energy is fed back into the 
tuned circuit, it becomes self-oscillatory and oscillations persist once they are started. Now the 
basis of a transmitter is an oscillator, and the germ of the latter lies in the reaction receiver. 

4. Phase Relations In the Simple Oscillator ; Self-Oscillatory Criterion.—^The phase 
relations and quantitative results already obtained with the reaction receiver are here summarised 
for the sake of convenience. The numbers at the ends of the vectors in Fig. 2 (6) represent the 
order in which the vectors may be studied, or the diagram developed. 

Assume an initial o.scillatory current of R.M.S. value I begins as soon as the H.T.. voltage is 
switched on when the filament is alight ; this is given by vector I. This current lags about 90° 
behind the voltage developed between grid and filament, which is the vector and is the back 
E.M.F, developed across the condenser C. This grid input voltage gives rise to an oscillatory anode 
current which, in practice, is almost in phase with it. Owing to the mutual inductive link between 
the anode and grid circuits, an E.M.F. will be injected into the latter which will either lead or^g 
on 1. by exactly 90®, depending upon the sign of the mutual link. The tiMl^ vector is drawn iJx 
the self-oscillatory case, the one in which the injected volts are either in phase with the current 1 
that was supposed to start the action, or have a large component in phase with it (cf. Appendix "E”). 

When the anode coil supplies energy in phase with the current I, a self-supporting oscillatory 
system is obtained; a simple vector test or criterion for self-oscillatory conditions has 
thus been developed. 
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Quantitatively the matter is summarised as follows 

When the anode coil supplies energy in phase with the oscillatory current in the circuit— 

Energy introduced into the LC circuit ^ I.in watts. 

Nett loss of energy in LC circuit is at the rate of 

— (wMI„) I.in watts. 

= I*R — uMg„ V, I.since 1, ^ g™ V, 

.since V,_i 


This gives the result that when M is equal to or greater than CR/g„, oscillations will be continuous 
or build up respectively. 

The result is only approximately true, since it has been assumed that the coil L^is small enough 
lor us to neglect its effect of alteung the anode volts (ajid heiuc IJ by reason of the voltage drop 



(-&) 

Fig. 2. 


across it. This means that the static characteristic has been used, as opposed to the dynamic 
characteristic which must be used for more accurate woik For completely satisfactory results, 
account must also be taken of the curvature of the dynamic characteristic. 

5. A Simple Oscillator Modified for Higher Power.—A well-designed circuit of the above 
type is capable of maintaining quite a large amplitude of oscillatory current, but in practice its use 
is mainly confined to small Ideal oscillators. For transmitters —t e., generators designed to convey 
electromagnetic energy to considerable distances—a different procedure is usually adopted. In 
order that more power may be obtained from the oscillatory circuit, the latter is usually connected 
in the anode lead, and reaction is introduced from the grid circuit; the positions of the tuned circuit 
and the reaction coil are simply interchanged. 

In general terms, the action can be desenbed in a similar way to that of the circuit of the simple 
osciUator. If any electric shock is given to the oscillatory circuit by a slight change in current 
J>a5sing through it, an oscillatory current is set up. This oscillatory current, by means of the mutual 
link between the anode and grid circuits, sets up oscillatory variations of grid-filament voltage at the 
same frequency. If the sign of the mutual inductance is the correct one, the " injected volts " be¬ 
tween grid and filament will provide variations in anode current passing through the asdllatory 
circuit, and supply power to it so as to tend to maintain the initial oscillation. 

In order that the oscillatory action may maintain its initial amplitude, or increase up to a point 
where limiting conditions supervene, it is not, in itself, sufficient that the sign of coMI. should be 
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correct; the coupling must be sufficient to allow the grid-filament voltage variations to supply 
enough power to the oscillatory circuit to make good the damping losses. 

Fig. 3 (a) represents the circuit of the modified simple oscillator. 


CmCULATING 

cuurcnt 
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Fig. 3. 


If oscillations are set up in the LC circuit, the currents flowing in the different parts of it are as 
represented in the figure. The total current thiough the valve is made up of a steady component 
plus an oscillating component whose instantaneous value is represented by The current in the 
inductance L is similarly composed of plus an oscillating component ii,; the current in the capa¬ 
citive arm of the parallel ciiciiit consists only of an oscillatory component with instantaneous 
value ic- 

It follows that, veclorially, 

ia = Jl + ic- 

In practice, Iq is slightly larger than I^. 

6. Modified Phase Relations ; Oscillator as an Amplifier providing its Own Input.— 

It may be observed that, as the variations in current occur at the natural frequency of the LC circuit, 
which is practically equal to its resonant frequency, the anode circuit may be regaided as almost a 
rejector circuit to vaiiations of current flowing through the valve, the relative phase relationships 
of II, Ic and I„ being the same as those applicable to the make-up current and the circulating 
current in a rejector ciicuit. etc. represent the R.M.S. values of the currents i^ etc. This 
being the case, the vectors I^ and Ic w'ill be almost 180° apart, and their vector sum will be I,. 

The vector relations are shown in Fig. 3 (6), the numbers on the vectors again representing the 
order in which they may best be considered. Commencing with Iq is drawn not quite in anti¬ 
phase to it. la is shown as the vector sum. 

There is no oscillatory applied E.M.F. in the circuit (the supply being D.C.), and so the total 
oscillatory P.D, around the circuit must be zero. Now the oscillatory P.D. (Vh) across the rejector 
circuit is nearly in phase with the make-up current !«. In practice, there is not a uniform circulating 
current, and the current in the capacity arm is slightly greater than that in the inductive arm. In 
Fig. 3 (6) the vector Ic should, therefore, be drawn longer than Under these practical conditions 
the make-up current slightly leads Vr, but lags on as shown in the diagram. As the voltage 
drop across the rejector circuit INCREASES, the anode-filament P.D. (VJ of the valve must 
DECREASE; this means that V, must always be equal and opposite to Vb, —Vb- 
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Hence, is approximately 180“ out of phase with I„; more accurately it may be drawn as a vector 
90“ ahead of Ic, since it may be regarded as a back E.M.F. across the condenser C, or, alternatively 
the back E.M.F. across the inductance L. A rough value of this back E.M.F. is given by ci>LIl 
the resistance of the inductance tieing neglected. 

'' With coils wound and connected as shown, and with no current in the grid circuit, the 
vector diagram represents the instant of time at which 11 is zero but approaching positive 
values, and increasing towards its maximum value. Il acts away from the common point, 

provided by the filament (Vol. 1 paragraph 161), and induces an E.M.F of value in the 

grid coil; this also acts away from the common point and makes the grid positive with 

relation to it. As time goes on, M--^will become smaller as i^ approaches its maximum 

positive value, since the rate of change of current becomes smaller ; the vector (or coMI],) 
must therefore be drawn leading 1 by 90°, so making very nearly in phase with I, (c/- 

Appendix “ E ”.) 

The circuit is self-oscillatory because the injected volts have a large component in phase 
with Ifl, and power is supplied tending to maintain the initial oscillation. The power supplied is 
given by V,I„ Cos 0, where if, is the small angle between V. and 1^ ; for practical purposes Cos ^ 
may be taken as unity (paragraph 10). 



Tin 4 

Erratum — Ftg. 4. Re-draw curve for it to lag 90° on u : »■« . 180° out of phase with the curve for xl 
shown^ which should be deleted. 
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h A these phase relationships in the form of curves. This method of representation 

tM advantage of showing more clearly the approximate anti-phase relationship between I, and 
As increases, decreasesi and this is the result which is sometimes considered as the applM 
cation of Lenz's law to a valve circuit. f 

sometimes stated as a CRITERION DETERMINING SELF- 

ILLATORY CONDITIONS that should be approximately 180° out of phase with V^. In 
considering the fi^rther development of the valve oscillator, a criterion in this form will be particu¬ 
larly useful. 

It will be noted from the curves that when Vg has its maximum positive value, has its mini- 
mi^ Value. Now the oscillator will not function when the grid is more positive than the anode, and 
UUS is one of the factors that, in practice, limits the value of V^. 

*^6 appearance of the ciicuit of Fig. 3 (a) suggests an amplifier with a ‘‘ tuned anode " output 
mpe ance. Now the parallel is a veiy complete one, and for many purposes it is most convenient*^ 
o regard an oscillator of this kind as being equivalent to an amplifier which provides its own input. 

It is possible to construct a working model oscillator of this type, in which frequencies of the 
or er o ^y^l^pt^r second can be produced. Instruments may be inserted in the circuit in positions 
^ very instructive to watch the movements of the pointers. In such a 

.laodei it IS very essential to use instruments which are practically dead-beat, and whicli are similar 
W a respects other than that of the coil-circuit resistance. Under these conditions, the phase 
Oiilerence between the pointers and the oscillatory quantities which they represent will not be a 
serious matter. j 

Finally, it may be noted that the slightly out of phase relationship between and I„ produces 
ih' characteristic which is elliptical in shape. For many purposes, to simplify treatments, 

s e ipticity IS here ignored, and the dynamic characteristic is treated as a straight line. 


^ Further Development of the Modified Oscillator ; The Hartley Circuit.—The above 
statement of the criterion deteiinining self-oscillatory conditions, is in a form that stresses the 
conditions. In point of fact, generation of self-oscillations will usually be possible when 
e oscj latory grid voltage is more than 90° out of phase with the anode osdUatory voltage V , 
^■11 being when the two are in anti-phase. In addition to the energy supplied to the 

osci a oiy ciicuit being iji the correct phase, it must also be sufficient in amount to overcome the 
damping losses. 


. . variety of circuits can be arranged which satisfy the conditions for self-oscil- 

U ion. it is out of the question to deal individually with even a small fraction of the possible 
ve tr^smitting circuits that may be encountered in practice. In the present instance it is only 
proposed to consider briefly two simple developments of the modified oscillator, both of which have 
^rticular reference to Service practice. A further number of circuits are considered later, when 
an attempt is made to classify valve transmitters. 

Fig. 5 («) and (6) represents two forms of the same type of self-oscillatory circuit, usually 
^ Hartley circuit. Fig. 5 (6) is the simpler of the two forms and is called a “series 
valve, the high tension battery, and the tuned circuit, are all in series. 
Fig. 5 (a) is another form of seiies fed Hartley circuit. 

The action may be explained as follows:—^The oscillation set up in the tuned circuit 
^duces an oscillatory voltage acioss the portion of the inductance from G to F, i.c., between 
■ ^ lilameiit Ihe optimum condition for self-oscillation is that this voltage should be' 
anode-filament oscillatory P.D.. the P.D. across the portion AF of the 
inductance. This is secured by connecting the filament to a point on the 
inductaiice, intermediate tetween the points connected to anode and grid. The point F is 
obviously mways at an intermediate potential between the potentials of A and G. If A is 
^itive to F at miy instant, G must be negative to F at the same instant, and so the P.Ds. from 
10 1 and G to F are always in opposite directions. These are respectively the anode- 
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Fig. 5. 


filament and grid-filament iJ.Ds., and so V. and 
are in anti^pha^^ and the circuit self-oscillatory. 

In both forms of the circuit, the filament tap ” F 
provides a means of adjusting the magnitude ci V^, 
In Fig. 5 (a), this adjustment may also be performed by 
means of the “ grid tap " G, assuming the tapping at 
F to be fixed. Also in Fig. 5 (a), the H.T. supply to 
the anode is fed through the tap F, which is accordingly 
called the “ anode tapping point/' the adjustment of 
the anode tap being further considered below. The 
large condenser (I) is necessary in order to avoid short- 
circuiting the H T. supply between grid and filament, 
and to provide an R/F earth between F and the filament, 
ill order that these two points may always be at the 
same oscillatory potential. 

The function of the giid condenser and leak (2) 
and (3) is two-fold; it insulates the grid from the 
high tension supply, and also produces an automatic 
negative bias which inci eases the efficiency of the 
oscillator This latter point is treated in detail later on. 
The big r'ondensiT (4) is an ordinary R/F by-pass 
condenser across the H.T. battery. 

The vector diagram representing the operation of 
an oscillator of this kind is shown in Fig. 5 (c). It will be 
seen to be essentially tlie same as that of Fig. 3 (6), 
with the difference that and are exactly in anti¬ 
phase in this case. Whether or not the vector Vg is 
more nearly in phase with will depend on other 
considerations, involving the relative magnitudes of I© 
and II. 

For the reasons given in paragraph 6, the vector I, 
will usually lead Vn by a small amount. 


B. Evolution of the “ Divided Circuit.’’—The Hartley circuit is a very simple form of an 
'' amplifier that provides its own input." There are many varieties of it, and some of them present 
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a very different appearance. One of these with application in the Service, is known as the divided 
circuit/' and its evolution may be treated in two stages, shown diagrammatically in Fig. 6 {a) 
and (6). 

Fig. 6 (a) is another form of series fed Hartley circuit. It will be seen that the inductance is in two 
portions, separated by a large condenser (1) ; this condenser is large in comparison with condenser 
C—^with which it is in series—and hence exercises very little control over the frequency of the LC 
circuit. Tile H.T. positive terminal is connected to the anode side of this condenser, and the other 
plate is connected to the filament. The reactance of this condenser is negligible at radio-frequen¬ 
cies, but it effectively isolates the H.T. positive terminal from the grid, and also prevents the short- 
circuiting of the H.T. supply. The position of this large condenser in the inductance of the tuned 
circuit also provides a method of varying the amount of “ grid excitation," i.e., the oscillatory voltage 
between G and F, to obtain the greatest efficiency. 

The circuit of Fig. 6 [a) may be re-drawn as in (6), and it is from the appearance of this diagram 
that the name divided circuit " arises 


" 9. The Colpitts Circuit.—Fig 7 represents an oscillator of the same nature as that of Fig. 5. 

In this case the filament tap is taken from a point in the capacitive arm of the tuned circuit, the latter 

being split into and Cj as shown. The explana¬ 
tion of the action of the circuit is precisely the 
same as that of the Hartley oscillator ; in this 



case, the grid, excitation might be described as 
“ direct capacitive," the Hartley oscillator having 
" direct inductive " grid excitation. Wlien an 
oscillatory voltage is developed across the tuned 
circuit, the filament potential is intermediate 
between the grid and anode potentials, Vo and 
are in anti-phase and the circuit is self-oscillatory. 

The ciicuit .of Fig. 7 will be suitable for low 
and intermediate frequencies ; it will be seen later 
that at high frequencies it is often quite sufficient 
to place the tuned circuit between the anode and 
grid, and to rely on the inter-electrode capacity of 


the valve to provide the necessary grid excitation 


riG. 7. 


using the Colpitts principle. 


10. Power in the Oscillatory Circuit.—If 

an oscillator of the type of (say) Fig. 3 is rendered 
non self-oscillatory by (say) breaking a lead in 
the grid circuit, the anode current and anode-filament P.D. will remain steady at values denoted 
by I„ and as shown in Fig. 4. The power being dissipated at the anode of the valve is given 
by the product Iq V„. 

Under self-oscillatory conditions, the peak value of the oscillatory anode current is clearly 
limited by the magnitude of Ip; the oscillatory anode-filament P.D., is similarly limited by the 
magnitude of Vp, the voltage of the H.T. battery. It would therefore appear that the larger the 
value of the mean anode current and the D.C. voltage applied to the anode, the larger may be the 
powerisolated in the oscillatory circuit, now often called a tank circuit." Hence the use of 
thousands of volts on the anodes of transmitting valves. 

Tne oscillatory power is given by the product of the R.M.S. anode current and the R.M.S. 
voltage, assuming the " power factor " (Cos 0) equal to unity, t.c., I„ in anti-phase to V, :— 

Oscillatory Power = I^Y^ = ^ = —— 

The R.M.S. value of the '* circulating current ” in the LC circuit is given by 
I*R = I.V..(R is the resistance of the LC circuit) 
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II. Class A ” Operation ; Theoretical Maximum Efficiency.—If the working point 
of an o^illating valve is such that oscillations occur within the straight part of the dynamic char- 
‘^cteristic, in modem terminology the valve is said to be working under Class A ” conditions. I. 
is analogous to a “ mid pointbiased amplifier and is repressented diagrammatically in Fig. 8. 



io.) 



Fig. 8. 
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If we assume that suitable adjustments are made to the oscillator so that and both have the 
maximum theoretical values of and Vq, we then have:— 

A.C. output power = 

D.C. input power ~ V„ 

since in Class “A/* the mean values are unaltered during oscillatory conditions. 

Hence, the efficiency of power conversion is given by :— 

Tj -- = 50 per cent. 

The meaning of this ideal " result is, that the power dissipation is equally divided between tha^ 
expended in heating the anode of the valve and that available in the LC circuit. It should 1 e 
noted that if oscillations suddenly ceased, for any reason, almost all of the available power Iq 
would then have to be dissipated at the anode; the valve will be operating under static conditions, 
the A.C. resistance being bigger than under dynamic conditions and constituting the main impedance 
of the circuit. If a transmitting valve is called upon to dissipate the whole of the power taken from 
the H.l. supply instead of a percentage of it (say, between 30 and 50 per cent.), the load may exceed 
the anode rating of the valve and the valve may be burnt out. 

The power taken from the H.T. battery is the same under oscillatory and non-oscillatory con¬ 
ditions, so that, more generally, the power dissipated at the anode in the form of heat is given 
by 

Anode dissipation = !„ Vp — 

The above result can be shown mathematically—though no more clearly—^by expressing the 
power dissipation at the anode in the form of (!„ f- sin o) [V„ + sin and 

subsequently simj)lifyiiig. I he oscillatory terms which appear in the simplification have a mean 
value which is zero, if taken over a whole cycle. 

The 50 per cent, efficiency result may also be compared with the adjustment of an amplifier 
to pve ntaximufn power oupui ; in that case it has been seen that the output impedance must be 
designed to be equal to the A C. resistance of the valve, and that implies equal expenditure of power 
within the valve and outside it. 

In this connection, it is also of interest to recall that to obtain maximum undistorted oupui 
from an amplifier under Class A " conditions, it is necessary that the output impedance should 
be at least twice the A C. resistance of the valve. This result was obtained by arranging to work 
the valve under conditions which did not involve the flow of grid current. Applied to the case of a 
Class “ A ' oscillator, this would give an efficiency of only 25 per cent. 

In practice, an efficiency of 50 per cent, is quite unattainable, under these conditions, for 
various reasons. It is due partly t# the dissipation of energy by grid current, and very largely to 
the fact that can never be equal to Vp. 

rhe anode-lilament P.D. must never be less than the maximum positive grid-filament P.D.; 
otherwise the grid robs the anode of current, and instead of the anode current rising to a maximum 
at the point of minimum anode-filament P.D., it will fall to a very low value. This produces un¬ 
wanted harmonics and is detrimental to the efficiency. Further, the heavy grid current may lead 
to a large secondary emission from the grid. When the number of secondary electrons emitted by 
the grid, due to grid electron bombardment, exceeds the primary electrons bombarding it, the nett 
grid current will flow in the reverse direction; this reverse grid current, flowing through the grid- 
leak resistance, raises the grid to a positive potential which tends to become larger with great rapidity. 
The circuit becomes heavily damped and the amplitude of oscillations rapidly decreases. Finally^ 
when static conditions supervene, the anode is always positive to the grid but the large grid secondary 
emission then causes a rush of electrons to the anode, resulting in a greater production of heat at 
that electrode than the valve is constructed to dissipate, and hence damaging the valve. This 
phenomenon is called blocking (K.47). 
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Since the miuimiim anode-filament P. D. occurs at the same instant in a cycle as maximum posi¬ 
tive grid-filament P.D., it follows that the osullatory anode-filament voltage—which is —^must 
be less than the voltage of the H T. supply—which is Vq— by at least the amount of the grid voltage 
Variation. 






Fig 9. 
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' 12. ClaBB B ” Operation j Efficiency with Working Point at the Lower Bend.— 

Although Class “ A " operation gives an anode current wave form which is approximately smoidal 
in shape, or a faithful copy of the grid input wave form, a power conversion efficiency of j 

50 per cent, can hardly be accepted. Efficiencies up to about 70 per cent, can be obtained if tpe 
working point of the valve is adjusted to be at about the middle of the lower bend, approximately 
as in Fig. 9. This is a definition of Class “ B operation. Anode current only flows during the 
positive half cycles, and its mean value is less than under corresponding Class “ A ” conditions ; in 
the non-oscillatory state it is almost zero. ■ a . 

In producing Fig. 9, it has been assumed that the valve is the same as that employed in Fig. 8 , 
the grid swing has been approximately doubled in order that the maximum anode current inua. 
should be the same in the two cases. 

In the Class " B " case, the anode curient wave form is no longer sinoidal, but it can be shown 
to have a FIRST HARMONIC CONTENT OF ABOUT THE SAME AMPLITUDE as that in tl ^ 
corresponding Class “ A '' case. It therefore follows that, with suitable a^ustment of the anow 
impedance, the same fundamental, or first harmonic, oscillatory power outpin may be obtained as in 
Class “ A " operation, the D.C. input being relatively smaller. Of two devices, that which gives the 
same output for lower input is the more efficient. 

In greater detail the above matter may be explained with the help of the curves of Fig. 10. 



A first harmonic current wave is shown, together with a second harmonic, i.c,, a current at 
twice the frequency of the first harmonic. The amplitude of the second harmonic is taken as a 
third of that of the fundamental, and at t = o it lags on the latter by an eighth of the fundamental 
period. They are plotted about a common axis AB, and the resultant wave form, which is the sum 
of these two components, is indicated by the full line curve. Mathematically expressed, the resultant- 
curve is the sum of the two terms in an expression of the form— 

1 27u\ 

y = sin t + 2 I 2r — -^1. 

It will be observed that the resultant curve is very similar to the anode current wave form of 
Fig. 9, and for approximate work it will be rcgaided as identically the same, the zero current line— 
or X-axis of the graph—being shifted down by an amount OA. The new mean value of the anode 
current is therefore OA, and its magnitude is less than Ip—since it is less than c/^—the mean value 
under 50 per cent, efficiency conditions. From this it is clear that the D.C. power input is smaller. 

In regard to the amplitude of the first harmonic content, we can see from the figure that 

PT - QS + PQ + (SW — TW) 

= QS + RS + (QS - RS) 

= 2QS, 

This implies that the first harmonic oscillatory output is the same under the two sets of operating 
conditions ; the same output is obtained with a lower input and the arrangement is relatively more 
efficient. 
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★ 13. Numerical Estimate of Efficiency with Class ** B ” Operation. Soidb idea of the iiuraerical 
value of the eihciency under Class “ B " conditions may be gleaned as follows, making the assumption that the 
anode current wave form may be taken as sinoidal during the positive half cycles of grid voltage, and zero during 
the negative halves. 

With reference to Fig. 9, the mean value of a sine wave (imax. sin Lit) over one HALF CYCLE is given by— 

TC 

“ hna* sin (at. dt = —' 

"Jo 7T 


But during the next half cycle the mean value is nil. Hence, the mean anode current in Class " B " working— 
imax. 2 I Q 

71 71 


(Ref. Fig. 8) 


= —(mean anode current in Class *' A " woiking). 

u 

^♦The D.C. power input giving the same oscillator^" output is tlurcfoie i datively less, and, assuming 50 per cent, 
efficiency for Class “ A ”— 

Efficiency using Class " B " = 50 x ” = 78-5 per cent. 

This is an efficiency not fully realised in practice. 


14. Class “ C *’ Operation ; Working Point beyond the Lower Bend.—In the case of 
Class “ B '' operation, it should be observed that allhougli the anode current wave form is not 
sinoidal in shape, the positive half cycles may be legardcd as faithful copies of the grid-filament 
oscillatory input; The Class ‘‘B'' amplifier gives approximately linear amplification and a 
modulated wave foim is not distorted. 

Still higher power conversion efiiciencies can be produced by operating a valve with more than 
sufficient grid bias to reduce the anode current to zero when there is no oscilJalory input between 
grid and filament. The working point will then be considerably beyond the “cut off “ point and 
may correspond to a bias equal to as much as twice the cut off bias. This-is termed Class “ C “ 
operation, and efficiencies of the order of 85 per cent, are sometimes possible. 

Anode current no longer flows for the whole of the positive half cycles, which are therefore no 
longer even moderately faithful copies of the grid oscillatory input. In order to obtain peak values 
of anode current equal to those obtained under corresponding Class “ A “ or Class “ B “ conditions, 
the grid oscillatory input must be considerably bigger. 

Figs. 8 and 9 empha.sisc the increase in grid swing that maiks the difference between Class 
“ B and Class “ A " operation ; with the working point beyond the cut off, in Class “ C “ operation, 
the positive “ flicks “ of grid voltage will need to be very high in order to produce peak values of 
anode current equal to those obtained by the other methods of operation. The name “ flick 
impulsing “ is sometimes applied to Class “C” ojieration. As in the case of Class “ B," many 
harmonics are present in the anode current wave form, and, unless steps are taken, this may lead 
to the radiation of energy at undesirable frequencies. 

V 15. Automatic Bias for Class “ B ’’ and Class C ” Operation.—The requisite negative 
bias for the adjustment of the working point to the lower bend, or beyond it, may be obtained 
automatically by the introduction of a cendenser and leak into the grid circuit. (C/. N. 41). 

When the valve is generating continuous oscillations, the grid oscillatory potential varies 
through large values on either side of its steady value, and, when it is positive to the filament, grid 
current flows. The condenser thus acquires pulses of negative charge, and with a high resistance 
leak this is slowly drawn away, with the result that the mean grid potential, relative to the filament, 
is held at a negative value equal to the IR drop across the resistance. (This may be compared 
with the steady negative grid bias attained by a grid current detector when receiving C.W.). The 
more powerful the oscillations the greater is the negative potential nf the grid, and by designing 
the leak suitably, the grid can always be kept at any desired value of negative potential. 
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The values of the condenser and leak resistance are important. If the time constant CR of the 
combination is too large, the grid builds up so large a negative potential that the amount of power 
transferred from the valve to the oscillatory circuit is insufficient to maintain oscillations. When 
oscillations cease, no more grid current flows, and the condenser discharges through the leak untij/^ 
reaching the point at which the potential of the grid is such that oscillations again become 
possible. Under these conditions, oscillations will be continually starting and stopping, a 
phenomenon sometimes known as “squegging " or "‘grid tick." This is obviously a thing to be 
avoided when contiiiuous oscillations are desired ; the remedy is to reduce the CR value of the 
condenser and grid leak combination, and it will usually be better to reduce the value of the grid 
leak resistance. 

An unnecessary incicase in the proportion of harmonics in the anode current wave form will 
result if the variation of mean grid potential during the radio-frequency cycle is at all pronounced. 
This occurs if the condenser has too small a capacity. The charges which it acquires through the 
grid current flowing during the positive half cycles, followed by the losses through the leak resistance 
during the negative half cycles, produce corresponding variations of grid potential, which are 
larger the smaller the capacity of the condenser. Hence the condenser must be large enough to 
obviate pronounced fluctuations in the mean negative potential of the grid. [Cf. H. 5). 

In the case of oscillators, automatic biasing is almost always used ; if negative bias were to 
be ap])lied by a battery, and the working point adjusted to be beyond the cut off, no energy would 
be fed to the oscillatory circuit and oscillations would never start. 

16. Provision of High Grid Excitation ; the Tuned Grid Circuit.—It has been observed 
that the requisite grid exciting voltage must be of considerable magnitude in the case of Class “ B " 
and Class “ C " operation. In general, the way in which this is obtained will depend upon the 
nature of the self-oscillatory circuit under consideration. 

Considering the particular case of an oscillator of the type shown in Fig. 3, the grid excitation 
becomes larger if the^coupling is tighter. It can also be made greater in another simple way. 

With only an inductance in the grid circuit, the grid voltage is given by caM X current in the 
inductive branch of the oscillatory circuit. This voltage between grid and lilament can be increased 
very much if a condenser is added across the inductance—as in Fig. 11 [a )—and this parallel circuit 
tuned to resonance. 



(q) 

Fig. 11. 


(^) 


Under these conditions, a voltage uMl,. induced into this circuit at its resonant frequency 
sets up a circulating current round it given by I = where R, is the resistance of the circuit. 
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The actual voltage applied between grid and filament is that across the inductance, or the 


- capacity, and is or caMIi, X This is greater than wMIj, if the capacitive 

reactance, is greater than R^, the resistance, which is certainly the case. 

The theory given above is the same as that for a tuned secondary circuit coupled to the aerial 
in a receiving circuit, in which the voltage across the condenser is greater than that introduced 
into the circuit. 

The question of phase relationships, however, complicates matters in this case. 

The current I is in phase with the voltage applied to the circuit, and so the voltage between 
grid and filament is now 90° OUT OF PHASE with the induced voltage caMIj,, and therefore in 
phase or anti-phase with II itself. 

Thus the sector diagram of Fig. 3 (ft) would not hold good. V^, as we saw, had to be 90° out 
^of phase with I^, for I„ to be 180° out of phase with and hence to allow a supply of energy to 
be given to the oscillatory circuit. Therefore, if the grid circuit is tuned to the same LC value 
as the anode oscillatory circuit, although the resultant voltage 'ipplied to the grid is greatly increased, 
yet the phasing is—in general—incorrect for the maintenance of oscillations. 

It is quite easy to show that if the phase angle between 1„ and is (I80°— 0 ), the power 
available for the LC circuit is I„ V„ cos 0 . In the case above, 0 = 90°, and the power is nil. 

THE ACTUAL PROCEDURE EMPLOYED, THEREFORE, IS TO TUNE THE GRID 


CIRCUIT ONLY PARTIALLY, an intermediate step between leaving it resonant and leaving it 
aperiodic. 

In effect, the injected voltage uMI^ ceases to be the grid exciting voltage V^, and becomes 
the applied voltage in a non-resonant series circuit. As in other cases, the numbers on the vectors 
in Fig. 11 (6) represent the order in which they may conveniently be studied. 

Under these conditions, the big grid voltage changes required when a large LC value is used in 
^ the oscillatory circuit (with correspondingly small o)) are easily achieved tlirough the grid circuit 
being partially resonant, while the angle 0 of departure from the anti-phase relationship of 1^ and 
V, is intermediate between zero and 90°, so that power is supplied to the LC circuit. In other 
words, is increased by this arrangement to such an extent that the power .supplied 1^ V„ cos 0 
is increased, although the power factor, cos 0 , has decreased from its maximum value of unity since 
I and Va are not now approximately in anti-phase. 

The resonant frequency of the grid circuit is always adjusted to be above that of the oscillatory 


circuit, i.e., Cg is kept relatively small in order that may be large. 


As a safety measure, resistance is introduced into the grid circuit by means of lamps, to limit 
the value of the current in case of accidental tuning to resonance during adjustment. Without this 
'precaution, the current at resonance would damage tlie grirl coil. 

Fig. 11 also shows the grid leak and condenser, the function of which is the automatic provision 
of the necessary bias for Class " B or Class “ C ” operation. 


17. Maximum Power Conditions ; Saturation Current.—In paragraph 10 it was shown 

J V , 

that the power in the oscillatory circuit is given by —^and in paragraph 11 it was demonstrated 

that Vg must be less than the voltage of the H.T. supply Vp by at least the amount of the grid 
voltage variation. 

If sufficient energy in the right phase is supplied to an oscillatory circuit, oscillations will 
'build up (c/. paragraph 4) until some limiting condition supervenes. In Class A " operation, the 
working point may be anywhere on the straight part of the dynamic curve. 

If it is somewhere between the mid point and the lower bend, it can be shown that oscillations 
will be built up until the peaks of anode current reach the lower bend, that is, until ^ Ip. If 
the coupling is sufficient to cause further increase in amplitude, a limiting point is reached because 
the slope of the dynamic curve becomes efiectively less as the excursion of grid voltage past the 
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bend increases. Finally, an amplitude is reached at which the inequality between M and CR/g^ 
becomes an equality, and oscillations are maintained at this constant amplitude {cf. paragraph 4; 
a more accurate treatment using the slope of the dynamic characteristic is given in paragraph 19.). 

If the working point is moved up the dynamic curve, the amplitude of the oscillatory anod6 
cu^ent continues to adapt itself to the curve, and grows bigger and bigger until reaching the 
point exactly midway between the upper and lower bends. At that point the oscillations may be 
said to fill the valve, the positive and negative peaks extending to the upper and lower bends 
respectively. Further increase of the maximum anode current imax. is not possible because of the 
saturation conditions. Hence, the oscillatory anode current has its maximum value when the 
working point is at the middle of the dynamic curve, its magnitude being equal to half the value of 
the saturation current ; in symbols we have— 

^‘mu. If s-nd j, = 2 

This is to be regarded as a special case of Class “ A '' operation, and is represented diagram- 
matically in Fig. 12 

Under these conditions, if the anode 
impedance is properly matched to the 
valve, maximum power will be developed 
in the oscillatory circuit. 

In order to develop maximum power 
in the case of Class ‘"B" and Class “ C 
operation, it is necessary that the power 
impulse given to the circuit, during the 
“flicks” of positive grid volts, should be 
sufficient to traverse the whole of the 
dynamic characteristic between the bends. 

IB. Anode Tapping Point ; Imped¬ 
ance Matching.—It has Vieen observed 
(paragraph 11), that in order to supply 
power with MAXIMUM EFFICIENCY 
under sinoidal (or Class “ A ”) conditions, 
the oscillatory anode cuireiit and oscillatory anode volts must have the maximum values 
which are possible undei the given operating conditions. As with an oidinary amplifier, this 
adjustment can be achieved by matching the anode output impedance to that of the valve, the 
oscillator being regarded as an amplifier in which the input conies from the apparatus itself, instead 
of from an outside souice. 



Fig. 12 . 


The method of effecting this impedance matching will depend on the nature of the self- 
oscillatory circuit, and on the frequency in use. It is proposed to consider in detail the particular 
case of the circuit in Fig. 3. 

Now and interdependent (equation (1) below) and—with reference to Fig. 4—their 

values are determined by the following relations :— 

^„=Ip and ^> = Vo. 

. 

where L/CR is the impedance of the parallel circuit at resonance. 


Hence 


(With mid point biasing, I, 


L_Rf;. 



). 






Section " K." 


IB 


The product of L and C (the LC value of the oscillatory circuit) is determined by the frequency 
it is desired to transmit. In addition, the result just obtained shows that a definite ratio of L to C 
necessary if power is to be developed in the oscillatory circuit under conditions of maximum 
"efficiency. The practical problem is, therefore, to be able to vary the ratio of inductance to capacity 
without affecting the tuning of the circuit. This is solved by including only part of the inductance 

in one side of the parallel circuit, and the remainder in series 
with the capacity in the other side, as shown in Fig. 13- 

— - ' If this is done, the natural frequency of the circuit remains 

g ^ gl L unaltered, provided the damping losses are negligible, but the 

oL| § ^ combination of Lj and C acts effectively as a condenser of 

o - \ Q increased value, t.c., the total reactance of and C is series 

^ R g is capacitive, but less than that of C alone. 

If this equivalent capacity is written C^, then 

1 1 , 1 — a)»L-C 

Fig. 13. =- 

tiiL coL 

D 

The natural frequency of the circuit is given by / = 2 ^, where 

, 1 1 - «o*L.C 

“ -Lie." ' . 

’ = 1, or u* = (Lj -i- L,) C ~ LC . 

, which shows that the natural frequency is unaltered. 

Also Cl = ^ ^.[^from (2) and (3).J 

L L * 

The ratio of inductance to capacity in this circuit is therefoie = XC~’ effective 

L L * 

resistance of the circuit is device the effective inductance of the circuit has 

been decreased, the effective capacity increased, and the effective resistance decreased. 

Equating this effective resistance to the A.C. resistance of the valve — 

Lr* _ 

LCR 

or ci)*Li* — Rr„ and hence wL, = Rr, 

Li = = v/Rr. LC. 

Cl) 

^Now a voltage variation of Vj, across the valve gives a current variation of I^, hence— 

* Ip 

.(4, 
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This formula pves the amount of inductance which should be included in one ann of the 
parallel circuit to give maximum efficiency. As would be expected, it is inversely proportional tjo 
the frequency of the tuned circuit. 

The point A in Fig. 13, at which contact is made with the inductance and the anode lead, 
known as the ANODE TAPPING POINT, and the formula above gives the value of the inductance 
to be included between the A T P, and the filament lead for maximum efficiency. In other words, 
the formula determines the BEST POSITION OF THE ANODE TAPPING POINT UNDER 
SINOIDAL CONDITIONS. 

The formula obtained for the correct position of the anode tapping point under sinoidal con¬ 
ditions IS not applicable for Class “ B " or Class ‘‘ C ” operation, but it is evident that the amplitudes 
of oscillatory anode current and anode voltage are still interdependent. Adjustment of the 
impedance of the external anode circuit without altering its frequency is still necessary, in order 
to obtain the most efficient power output. In other words, the necessity for an anode tapping 
point is unaffected, but its position at any particular frequency differs from that which would be 
calculated from the formula given above. 

In actual practice, only rough calculations are made from formula of this nature, the best 
settings being found by trial and error. 

In the case of the “ divided circuit ” (paragraph 8), the big condenser splits the inductance 
into two parts, the position of the condenser determining the anode tapping point, and the grid 
exciting voltage. 


19 Coupling Necessary for the Maintenance of Oscillations.—Considering the particular 
case of Fig. 14, which is simply that of Fig. 3 with the addition of an anode tapping point, we have 
already investigated the phase relations necessary for self-oscillation, viz., that and I^ are 
approximately in phase and is approximately 180° out of phase with either. We have also 

foimd the amplitude of oscillatory current 
in the circuit, and the power dissipated in 
the circuit when the valve acts efficiently 
as an oscillator. 

It is obvious, by analogy with previous 
cases, that a certain minimum coupling is 
necessary for self-oscillation to take place, 
so that, with an oscillatory action started 
in the circuit, the resulting anode current 
variation, regarded as a make-up current 
th’^ough the parallel circuit, is of sufficient 
amplitude to maintain the “ circulating,” 
or oscillatory current, at a constant ampli¬ 
tude. 

Let us take the case of a circuit with 
anode tap such that the inductive branch 
between A and B has inductance L^. 

Let the oscillatory current (R.M.S. value) flowing in this inductance be I, the oscillatory 
component of anode current be I„, and of anode voltage be V.. Then, under oscillatory conditions, 
the grid-filament voltage is varied, resulting in the variation above. This current variation is, 
however, dependent on another factor, the change in anode voltage, which it itself sets up. The 
general formula for I. must therefore be used:— 

1« = Snt — V. (Class A " conditions only). 


B 




Section " K." 


IB 


Now, in the circuit shown, 

V, = uMI and V. = — toLiI 

and I, are approximately in phase, V„ in anti-phase, hence the negative sign). 

l. = g„ «MI - i 

The p)Ower given to the LC circuit to maintain oscillations 

= In V. (paragraph 10). 

Therefore, to maintain oscillations, the product V„ (numerically) must be at least equivalent to 
the power dissipated in the circuit, PR. (Neglecting damping due to grid current—paragraph 20.) 


Hence 


Now 


( g„toMI -I coL,l) wL,I 5 PR. 


~ jX^ where L — Tj 1 L,^ 
4^LCR, 

CRLr. + LCRr . 

^ Lig„r. ^ mL, 


U) 


In the case where all the inductance is on one side of the circuit, and theiefoic L,—L, this 
reduces to 


i». - 

M 5 — 


L _L + Clir, _ CR , L 
+ - :> — — 5 : -- 11 + ri... 


m ' m " m ^ gm ^ 


( 2 ) 


Now the slope of the dynamic characteristic was seen in Section “ F ” to be given by— 

fn -L 

where Z =- the valve external iinpedajjce = 

where m — the valve ampliJication factor. 


Hence 


= 


and from this, equation (2) simplifies to 


gm 


1 H 


1 + 


CRr, 


M ^ 


CR 


( 3 ) 


The last formula—(3)—above is exactly the same as that obtained for the maintenance of 
oscillations in the case of the simple oscillator used for heterodyne purposes (paragraph 4), the only 
difference being that in the case of the simple oscillator, the effect of the anode impedance on the 
anode voltage and current was neglected t,c., the static chaiacteiistic wns used instead of the 
dynamic one ; in that case the formula involved instead of 

If M is equal to the above expression, oscillations are just maintained ; if greater, oscillations 
build up; if less, oscillations set up in the oscillatoiy circuit die away moie slowly than if no reaction 
were employed. 

Formula (3) and (1) may also be very simply derived by regarding the valve oscillator as an 
amplifier providu^its own input, utilising the formula for VOLTAGE AMPLIFICATION FACTOR 
which is proved in Section F.'' 
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I Z '' 

We have V.A.F. = m ~)> where Z equals the external impedance, and in the case 


where there is no inductance in the capacity arm— 


V.A.F. - m 


CR 


gm''. 


L 

+ CR 


CRr„ + L 


Now 


cjIJl 

coMIl 




and V- = toMlj 


__^ L L 

CRr„ j L ^ M~CRr/H-L- 


M 


CRr. 


I L 

r. “ CRr, 


g'm 


as before. 


With some of the inductance in the capacity arm, formula (1) can be derived by using the 
L ^ 

relation Z = 


In the case of the Hartley circuit of Fig. 5 (6), which is working uxi^^v sinoidal conditions, i.^.^ 
without a grid condenser and leak, the minimum value of the inductance between grid and filament 
for the maintenance of oscillations may be simply deduced from formula (1) above, obtained for 
the case of mutual inductive coupling. Calling the inductance between grid and filament L^, it 
is obvious that the only difference in the argument of this paragraph is that Lg takes the place of 
M, and so the formula becomes 

T _ LCRr, L, 

*" mL,' ^ m 

It may be observed that the be.st value of for high efficiency, t.e., when a grid leak and condenser 
are inserted, may be two or three times as great as this. The same observiition applies to the case 
of a high efficiency Class ‘‘ B ” or Class “ C oscillator, in which the necessary grid excitation comes 
from a mutual inductive coupling. The reason is easy to find. 

The coupling necessary for self-oscillations to build up until the amplitude of the grid voltage 
variation covers the whole of the straight part of the (I^, V^) dynamic characteristic, must be greater 
than when the operating point is half-way up the characteristic. Moreover, M, by the above theory, 
must equal at least CR/g'^. 

In that case, the effective value of is given by the total change in anode current divided 
by the total change in grid volts (Fig. 9), and this is much smaller than the slope of the dynamic 
characteristic, which forms the denominator of the above fraction appropriate to Class “ A 
conditions. 

The best value of M may easily be two or three times as great as that deduced above for sinoidal 
conditions. 

If the coupling is increased beyond this value, the amplitude of oscillatory grid voltage will 
increase, but the larger grid current flowing will then cause the mean potential of the grid to become 
more negative, so that the peak of grid voltage during the positive half cycle returns to approxi¬ 
mately the same potential as before. Anode current, however, now flows for less than half a complete 
cycle, and the power input to the oscillatory circuit falls off. With increasing coupling beyond 
the best value, the amplitude of the oscillations thus decreases, and the grid potential may become 
so negative that sufficient power is not available to maintain self-oscillatory conditions, and 
squegging will occur. (C/. paragraph 15). 
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20. The Building Up of Oscillations ; Amplitude Reached. —The analysis of the last 

paragraph is of assistance in explaining, precisely, the factors limiting the amplitude of the oscillatory 
^ anode current I„. 

^ Let us assume that the coupling VI—or whatever provides the grid excitation—has been adjusted 
to some value slightly greater than the minimum required to maintain oscillations. In the general 
case, with the working point somewhere on the straight pari of the dynamic characteristic, oscillations 
will build up until the UPPER OR LOWER BEND OF THE DYNAMIC CHARACTERISTIC 
IS REACHED, and, if the coupling is sufficient to cause further increase in amplitude, a limiting 
point is reached because becomes effectively less as the excursion of grid voltage past the bend 
increases. Finally, an amplitude is reached at which the inequality between M and CR/g'^ becomes 
an equality, and oscillations are maintained at a constant amplitude. 

Consider the special case of a valve with steady grid and anode voltages to be such that it is 
working at a point on the straight part of the dynamic characteristic about half-way up ; a pictorial 
representation of the growth of oscillations is given in Fig. 15 Tl may also be assumed that the 
impedance of the external circuit has been adjusted so thr’t has its theoretical maximum 
value of Vp, in which case we have the conditions for both 50 j)er cent, efficiency, and maximum 
power. 

In Fig. 15, the lines of maximum slope repicsent static charac teristics. 



An oscillation started in the LC circuit varies and consequently the anode current. Due, 
however, to the load in the external anode circuit, this increa.5e in anode cuirent is accompanied by 
a decrease in anode voltage, so that a positive grid swing AB does not cause the anode current to 
rise from P to Q, but to some value R on a different static characteristic curve drawn for the reduced 
anode voltage. 

The next and bigger grid swing, to C, causes an increase of anode current to R^ only, instead 
of to Qi, Rj being on a curve corresponding to a further reduced anode potential. In this way, the 
amplitude of anode current keeps increasing, but more slowly than if the external impedance were 
neglected. 

Finally, the anode current builds up until it reaches the saturation value at the top or bottom 
bends of the DYNAMIC CHARACTERISTIC. It should be evident that P R R^, etc., are points 
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on the d}majnic characteristic^ derived from the static by taking the impedance of the external 
circuit into account, and, so long as we remain on the straight part of this characteristic, conditions 
are exactly the same as at the start, t.e., oscillations tend to build up.- Once the top or bottom bet)[d 
is reached, increased variations in grid voltage no longer produce correspondingly increased variations 
in anode current, and the amplitude of the oscillation becomes limited, mainly due to the decrease 
in the effective value of g'„,; M ceases to be greater than CR/g'^. 

Another factor which tends to limit the increase of amplitude of oscillations is the power 
consumed in the grid circuit So far, this has been ignored, but it is obvious that with large grid 
voltage swings on the positive side of zero grid volts, quite considerable currents will flow in the 
erid circuit and cause power absorption. 


21. Classification of Valve Transmitter Circuits.—As has already been observed (para¬ 
graph 7), tliLTc are very many different types of circuit which can be used in valve transmitters. 
Any attempt at classification must necessarily be of an arbitrary nature, but, in Service practice, 
it is fpimd to be convenient to classify SELF OSCILLATORY CIRCUITS by means of some of 
their major differences. 

The following is a list of the main features used in the classification:— 

(а) The position of the tuned circuit with reference to the electrodes of the valve. 

(б) The means by which the grid excitation is achieved. 

(c) The method by which the H.T. voltage is applied between the anode and filament of 

the valve, usually called the “ feed.'' 

(d) The position of the electrode which is at a high oscillating potential. 

(c) The nafure of the aerial excitation. 

(/) The arrangement of the valves in a multi-valve transmitter. 

It is proposed to illustrate the use of this classification with reference to particular circuits. 


22. Position of the Tuned Circuit.—The tuned circuit may be connected between any pair 
of the three electrodo.s in a triode :— 

[a) Tlie TUNED CIRCUIT may be between GRID and FILAMENT. This is generally 

the case in the local oscillators used in heterodyne receivers, but is not common in 
transmitting circuits. Fig. 1 is an example of this. 

[b) The TUNED CIRCUIT may be between ANODE and FILAMENT. An example 

of this may be seen in Fig. 3. 

[c) The TUNED CIRCUIT may be between ANODE and GRID. This type of circuit 

is illustrated iu Figs. 5 and 6. 

23. The Grid Excitation.—The nature of the grid exitation is another convenient feature 
which serves to classify transmitter circuits. There are various methods by which there is obtained 
an oscillatory P.D. between grid and filament in the correct phase and of sufficient amplitude for 
the maintenance of self-oscillations. In general, the grid exciting voltage is fed into the grid- 
filament circuit, by a coupling which may be DIRECT or MUTUAL, each of these headings being 
sub-divided into INDUCTIVE or CAPACITIVE. 

Thus, the grid excitation in the case of Fig. 3 is obtained by MUTUAL INDUCTIVE 
COUPLING. In the Colpitts circuit (Fig. 7), the grid excitation would be described as DIRECT 
CAPACITIVE, the tuned circuit being between anode and grid. 

In the Hartley circuit (Fig. 5), the grid excitation is DIRECT INDUCTIVE. 

24. The Nature of the Feed.—This should not be confused with the methods whereby the 
large H.T. voltages required for transmitting valves are produced. 
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Two types of feed are conunonly used in valve transmitting circuits 

(а) SERIES FEED.—^The H.T. supply, the valve and the tuned circuit are in series. 

Examples of this hive been seen in Figs. 3, 5 and 6. 

(б) PARALLEL FEED.—The valve and the tuned circuit are in parallel across the 

H.T. supply. Examples of this axe shown in Fig. 16. 



Ca) 


C L 

3=—1| D'DDTO"'-o+ H-T. 





Fig. 16. 

In the case of PARALLEL FEED, two additional components are rendered necessary, the 
choke L, known as the ANODE CHOKE, and the condenser C, known as the ANODE BLOCKING 
CONDENSER. 

The anode blocking condenser is necessary to prevent a short circuit of the H.T. supply through 
the tuned circuit inductance. It is large enough to be regarded as of negligible imped^ce to radio 
frequency currents. 

The function of the anode choke is as follows :— 

The H.T. supply.is in parallel with the tuned circuit across the valve. Being of comparatively 
low resistance, it would constitute practically a short circuit for the tuned circuit as legards 
oscillatory currents, and introduce such damping losses as would effectually prohibit the maintenance 
of oscillations. The introduction of a large choke in series with the H T. supply increases the imped¬ 
ance, to radio frequency currents, of this parallel path sufficiently to render its damping effect 
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negligible, and operates so as practically to confine the radio frequency currents to the valve and 
tuned circuit* There will, of course, be a small radio frequency current through the choke r^d 
H.T. supply, corresponding to the oscillatory P.D. across the tuned circuit and valve. In practice, 
the H.T. supply will be paralleled by a large condenser to by-pass this small radio frequency currents 

The choke thus enables the anode to adjust itself to its necessary radio frequency voltage 
changes, without robbing the tuned circuit of excessive radio frequency current. 

There is also a mean anode current flowing through the valve, as has been shown by the 
analysis given in earlier paragraphs. To this the choke presents a negligible impedance. 

In the case of SERIES FEED it is still more important that the H.T. supply should be by¬ 
passed by a large condenser, for otherwise the whole of the oscillatory make-up current would flow 
through it. 

Two methods of inserting the feed, and its by-pass condenser, have aheady been seen in Figs. 

5 and 6. 

25. The High Oscillating Potential Electrode.—In Fig. 17, the H.T. positive terminal is 
directly connected to the anode. As in Fig. 6 (a), the condenser C is a large by-pass condenser 

whose reactance at radio frequencies is negligible. In 
consequence, the point A and the anode may be regarded 
as common, when oscillatory potentials only are 
considered. The D.C. potentials of the anode and the 
point A are, of course, very different ; the steady 
potential of the anode is that of the H.T. supply, and, 
since the point A is earthed, there can be practically 
no oscillatory variation of anode potential. The 
electrode whose potential actually undergoes the large 
oscillatory variation (of amplitude approaching the 
Il.T. voltage when the transmitter is adjusted efficiently) 
is the filament. This type of feed accordingly leads to 
another important practical distinction between trans¬ 
mitters. 

(1) Transmitters in which the ANODE POTEN¬ 
TIAL UNDERGOES OSCILLATORY VARIATION 
OF LARGE AMPLITUDE. This has been the case 
in all the previous types discussed. 

(2) Transmitters in which the LARGE OSCILLA¬ 
TORY POTENTIAL VARIATION OCCURS AT THE 

FILAMENT, as in the case just considered. This involves, in practice, that the filament heating 
circuit must be well insulated from earth, a condition which is most easily fulfilled by an 
alternating heating current provided via the secondary of a transformer. 

In both cases, of course, the high D.C. potential of the anode involves efficient insulation of 
that electrode. 

The instantaneous potentieds of the three electrodes in case (1) have already been illustrated 
in Figs. 8 and 9. These instantaneous potentials in case (2) are shown in Fig. 18 (a). The corre¬ 
sponding anode-filament and grid-filament P.Ds. for this case are exhibited in Fig. 18 (6) to impress 
the point that there is no difiercnce in fundamental principle in the two cases. The derivation of 
Fig. 18 (6) from Fig. 18 (a) is obvious. 

26. Aerial Excitation. —The consideration of the tuned circuit has hitherto been confined to 
the question of how an undamped radio frequency current may be maintained in it. We now 
pass to the question of how the oscillatory energy, thus obtained, is to be made available for radiation 
as electromagnetic weaves into space. 




Section " K." 


86 



(1) The tuned circuit itself may be employed foi this purpose , i.e., it may ho in the form of an 
open oscillatory circuit. The condenser then corresponds to the distributed aerial capacity to 
earth, and the inductance to the natural aerial inductance and artificial inductances in series. 

:This may be called direct aerial excitation. 

A Service transmitting circuit of this type is shown in Fig. 19. With reference to the points 
of transmitter design discussed above, its description is as follows :— 

Tuned circuit between anode and grid. 

Direct inductive grid excitation. 

Series feed. 

Filament at high oscillatory potential. 

Direct inductive aerial excitation. 

In this transmitter, efi&ciency has, to some extent, been sacrificed for simplicity of adjustments, 
as no provision is made for varying the grid excitation independently. 

/ The 0-25 jar condenser in series with the aerial capacity is the ordinary series condenser for 
higher frequencies. The filament heating circuit has been omitted to simplify the diagram. As 
previously remarked, the heating circuit must be adequately insulated. 

(2) The aerial circuit may be a separate open oscillatory circuit, coupled to the valve tuned 
circuit, which is then a clqged oscillator. Tliis may be descried as mutual aerial excitation. The 
coupling is usually mutual inductive. 
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Fig. 20 shows a transmitting ciicuit of this nature. 
This circuit should be clas.sified as follows :— 

Tuned circuit between anode and filament. 
Mutual inductive grid excitation. 

Parallel feed. 

Anode at high oscillatory potential. 

Mutual inductive aerial excitation. 



II 


Fig. 20. 
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27. Mutual Aerial Excitation. —The choice between a closed oscillatory circuit with coupled 
lerial, and w open oscillatory circuit directly excited by the valve depends on certain factorSi now 
to be examined. Mutual aerial excitation has the following advantages ;— 

(а) Valves are constructed so as to be capable of dissipating a certain amount of power 

at the anode with safety. This is known as the valve rating {see Section “ B 
The insulation of the aerial (if an open oscillatory circuit is employed) may some¬ 
times fall to a very low value. This may occur in submarines with the deck 
insulator washing over/* or in surface ships during heavy rain, and the load 
thus thrown on the valve may be so great that the aerial stops oscillating. Under 
these non-oscillatory conditions, the whole of the power taken from Hie H.T. supply 
is dissipated at the anode of the valve, instead of a percentage of it (say 30 per 
cent, to 50 per cent.), and the valve may be burnt out. If, however, a mutually 
coupled aerial circuit is used, the closed circuit continues to oscillate and to absorb 
its share of the power. The closed ciiciiit is always trying to produce forced 
oscillations in the aerial, and hence tends to dry off the moisture from the aerial 
insulators. 

(б) The inevitable occurrence of harmonics in a self oscillatory circuit with negative grid 

bias has already been emphasised. With direct aerial excitation, energy at the 
frequency of these harmonics is radiated without any limitations, and produces 
undesirable interference. 

When mutual excitation is employed, the aerial circuit is naturally tuned to 
the first harmonic, and so presents considerably less impedance to the E.M.F. 
induced in it at this frequency than it does to the E.M.F.s induced by the higher 
harmonic currents flowing in the closed oscillatory cirniit. Jhus, the higher 
harmonic currents in the aerial circuit are considerably reduced in amplitude 
compared with the first harmonic current, and correspondingly less energy is 
radiated at these unwanted frequencies. 

In addition, the proportion of harmonic to fundamental current flowing in 
the inductive branch of the primary circuit is considerably less than the corresponding 
proportion in the make-up (anode) current, for the capacitive branch of the primary 
tuned circuit presents less reactance to these higher frequency currents than does 
the inductive branch. 

(c) The question of the variation of the natural frequency of self-excited oscillations will 
be considered in greater detail when master oscillators aic discussed. It may be 
pointed out now, however, that one common cause of such variation arises through 
changes in aerial capacity. These changes may be due to the aerial swaying with 
the wind, or to alterations in the earth," such as are occasioned by training a 
turret on board ship, or proximity in dock to moving machinery, e.g., cranes and 
sheer legs. With direct aerial excitation these changes in capacity are directly 
operative in altering the LC value of the oscillatory circuit, and therefore the 

transmitted frequency. They also alter the ^ ratio of the tuned circuit, and so 

affect the oscillatory power transferred from the valve. 

With a closed oscillatory circuit and coupled aerial, variations in aerial capacity 
still operate indirectly in the same way, but their effect then depends also on the 
coupling factor, as may be seen from the discussion in Vol. I of oscillations in coupled 
circuits. With loose coupling, the variations in frequency due to this cause may 
therefore be greatly reduced. Mutual aerial excitation is particularly advantageous 
at high frequencies where an untuned coupled aerial is usually employed. In this 
case, variations in aerial capacity have a completely negligible effect With direct 
aerial excitation, variations in aerial capacity would then produce the greatest 
actual chwges in the transmitted frequency, the percentage variation remaining 
the same. 
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The obvious disadvantage of mutual aerial excitation is that two circuits are maintained in 
oscillation with a corresponding increase in damping losses. Also, the looser the coupling, the 
smaller is the amount of energy transferred to the aerial circuit. Nevertheless, fairly loose coupling 
must be employed, one reason being the advantage in minimising frequency changes as mentioned 
above. Of more importance, however, is the avoidance of a phenomenon known as frequency 
jump,” which occurs in valve transmitters with tightly-coupled aerial circuits. 

This may be compared with the double frequency effect in coupled spark transmitters. The 
distinction is that a coupled valve transmitter cannot oscillate on both these frequencies at once, 
though it may oscillate on either, according to the total equivalent impedance of the two tuned 
circuits. The valve oscillates on whichever of the two frequencies corresponds to the lower 
equivalent impedance. 

It is impossible, however, to keep the primary and aerial circuits exactly in tune. The natural 
frequency of the primary circuit depends, to some extent, on the valve constants and the potentials 
of the electrodes, and that of the aerial circuit varies with the aerial capacity. The difficulty of 
keeping all these factors constant produces the result that both the primary and aerial circuits 
vary to some extent about the frequency to which they are both originally tuned, and so the 
equivalent impedance also varies. Thus, when oscillations are taking place on one of the two 
possible frequencies, the variation of equivalent impedance may result in the impedance at the other 
possible frequency becoming le.ss than that of the actual frequency of oscillation, although it was 
previously greater. The fri'quency of oscillation then suddenly alters to this other possible value, 
giving a “ frequency jump equal to the difference between the two possible frequencies. This is 
accompanied by sudden changes in the values of the primary and aerial currents, which enable the 
effect to be detected. 

This phenomenon is only noticeable with tight coupling, where there is a large difference 
between the two possible frequencies of oscillation. It is obviously undesiiable, and should be 
avoided by always employing loose coupling. 

28. Indirect Capacitive Aerial Excitation.—For certain purposes, capacitive aerial excita¬ 
tion has advantages. In practice, with a variable mutual inductive coupling, it is not easy to 
avoid accidental over-coupling, with consequent ri.sk of “frequency juinp.“ It is quite simple to 
design a capacitive coupling with the requisite small value of coupling coefficient, and with the 
necessary rigidity in construction to provide foolproof operation, to obviate any chance of accidental 
over-coupling. 

Fig. 21 (a) gives the circuit details of a typical H/F transmitter employing “ indirect capacitive 
aerial excitation," condensers Cg and C 4 being the condensers which are not common to either 
circuit. It will be seen that the tuned circuit is of the series fed Hartley type, the tuned circuit 
being between anode and grid. 

In some cases the coupling condenser C 4 is omitted. 

The circuit also shows a switch by which coil Lg may be put either in series or in parallel with 
the variable condenser Cg. The necessity for this arrangement arises from the fact that at H/F, 
when the aerial may often be equivalent to an even number of quarter waves in length, it is frequently 
necessary to feed the aerial across the high impedance coupling which is provided by a rejector 
circuit (Section “ R " 20). The coupling condensers Cj and C 4 have very small capacities, and, in 
one Service example, have values of 3 cms. at the upper end, and 8 cms. at the lower end of the 
H/F range. 

A certain technique is required in tuning a transmitter, coupled to an aerial in this way. The 
main oscillatory circuit should be tuned by using—^where there is a choice—a relatively smadl value 
of Lg, and a relatively large value of Ci; Cj is in parallel with the anode-grid capacity, and, by 
making the former large, one tends to eliminate frequency variation, by “ swamping " any fluctua¬ 
tions in the inter-electrode capacity. The aerial circuit is tuned by trying combinations of L, 
and Cj, together with the series-parallel switch, until maximum current reading is obtained in the 
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^ 'ammeter A. The size of condenser Cg determines the amount of energy transferred from the 
primary to the af 3 rial circuit. For a given ficqiiency, therefore, the smallest value of aerial capacity, 
and the largest value of aerial tuning inductance Lg, should be used, in order to obtain optimum 
results. If C 2 is made too big, its reactance becomes relatively small ; the oscillatory voltage 
across it will be much reduced and practically nothing will be fed into the aerial. Fig. 21 (6) 
demonstrates that the aerial is tapped off Ca, and shows that if its impedance is rnadi^ loo small, 
the aerial is, virtually, ‘'shorted.'' 

Although the value of Cg must be relatively small, it is evident, liowever, that Cg cannot be 
decreased beyond a certain value if over-coupling is to be avoided and Ihe ri.sk of frequency jump 
eliminated. The coupling factor of the circuit is given by— 



In practice, it is necessary to have some “ test " for determining the absence of frequency jump. 
The presence of this phenomenon is usually indicated b}^ sudden alterations of the aerial current 
given by ammeter A. A slow alteration of the value of condenser Cg, or C^, should produce a 
simultaneous slow alteration of aerial current. If this is not the case, frequency jump should be 
suspected, and another setting of the combination of and Cg should be tried. 

★29. Over-Coupling ; Ziluln or FuryuENCY Jump Effect. —Frequency jump is an interesting phenomenon 
and it is worth while investigating the matter a little more closely. When a self-oscillatory circuit i.s coupled 
to another tuned circuit, Fig. 22 (a), the frequency generated corresponds almost exactly to the resonant frequency 
of the combination, or frequency at which the whole circuit has zero reactance. Unfortunately, there are two 
of these frequencies ; this arises from the same cause that accounts for the double frequency effect seen in spark 
^ansmitters, or the double humped current/frequency curve, obtained when an E.M.F. of steady R.M.S. value 
is applied to one circuit coupled to another. 
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Fig. 22. 


l^ow in Volume I, the case of Fig. 22 (6) was analysed ; the rea^^tance term in the nett impedance expression 
was equated to zero, and by neglecting in comparison with Xg, it was shown that 

X^Xg =- _ . (1) 


If the two circuits arc each tuned to the same frequency this leads to the well-known formula 

A n 

==, proved in Volume I. 


Vl± K 

In the more generally experienced case, the two circuits arc not each in tunc, hence— 

From (1) .. ^loL. - ^ 

Mow iij|“ - 1/Fi(\ ?md ii)a= 1/I.gCg. 

-1^) ~'J') lTl, “ . 

where K is the coupling factor. Equation (2) may also be expressed in the form— 

(1 - K*) W* - (Dg* W* + Di* L),’* - 0. .... _ (3) 


In the above equation, it will be supposed that is maintained constant and that Ug® is the " independent 
variable " which alters as (say) L, is altered. Equation (3) then becomes A RELATION BETWEEN co® ANl')’ 
ti)g®. The graphical interpretation is a hyperbola, Eig. 23 (b). For any value of Ug®, there are two possible values 
of ti)®, the resonant frequency of the whole system. 

In general, the current will tend to oscillate at that frequency which is nearest to the natural frequency of 
the valve oscillator, and corresponds to gji. At that frequency, the total equivalent impedance will be the least. 


In more detail the matter may be examined as follows :— 
From (3) .... when cOg® — U 

(1 - K*) U* - G)i® D- = 0 

ur - K“) u«.- «o,= l =0. 

Wi® 

i.e,, ii)®j|= 0 and u® = ^ ^g 


The first of these results shows that one branch of the hyperbola passes through the origin 0 ; the second value 
of w* determines N, the point where the other branch of the curve cuts the u® axis. It will be observed that 
when K is small, u® % Ug®, the resonant frequency of the whole system being practically determined by that of 
the oscillator circuit. 
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Fig. 23. 


From (2) . when ^ 


^ = ± K or = 


1 ± K 


In this case, the two possible values of co* are given by ^ ~ and or approximately, when K is small, 

(1 _ K) and cjo* (I + K). These are the points Q and P, respectively, on the graph Fig, 23 (a) ; it is clear 
that they are equally spaced below and above the line co — ti),, — tOi- If the value of jumps from the one to 
the other, for any reason, we have the approximate relation— 

PQ = Ko>,*. (4) 

Also from (2) we see th&t when te* approaches the value (i>|* PltOM HELOW IT, we have ^1 —■ ^ 2 ^ ^ ^ t 

1-c., + CO ] the curve asymptotes the line ca* = Ui*, for the value u,® = . 


/ \ 

When u* approaches the value Ui* FROM ABOVE IT, we have f 1 - j 


-V f QO , i.e., ua — oo ■ 


More generally, it may be shown that the asymptotes to the curve are given by the equations— 
la* = ci>i* and u* (1 — K*) = Ui* 4- Ua* K* 

The first asymptote is horizontal, and the second cuts the u axis at C 
where ui* := 0, t.e., at »* = ii>i*K*/ (I — K*). 

With regard to the two possible values of w*, it should now be clear that they will always be above or below 
the line AB, i.e., one will be greater and the other leas than 
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The branch of the curve which the valve oscillator will actually follow, or partially follow, depends upon the 
operating conditions ; it depends very largely upon whether the value of is being increased from small values 
upwards (tuning up), or whether the value of 1 ^ 2 “ is being gradually decreased from large values downward*” 
(tuning down). ^ 

When L| is big, the frequency and the corresponding value of is low; the aerial current Ig will be very 
small and will produce an inappreciable effect nn the value of Oscillations will commence at a value of 10 ^ 

given by the upper branch of the curve at a point on it where the frequency differs very little from the natural 
frequency of the oscillator, i.e., corresponding very closely to the line AB which is 

As Lg is decreased, the frequency is increased and the value of u* follows the curve from N towards P. At the 
same time the aerial current increases, producing a steadily increasing effect nn the primary circuit ■ its effect is the 
same as an increase m the primary resistance, and the primary current falls to a minimum value. The impedance 
of the whole circuit has increased. 

The points P anrl Q on the curves, correspond to values of which are aj)proxiraately equidistant from the 
line AI3. At l^ the ini])edaiice r)f the whole circuit will thus be the same for the two possible values of 
point will therefore be one of gieat frequency instability. 

Jf the j)rimary circuit, i.e., the oscillator, does not possess much surplus " negative resistance an increar^ 
in the value of i^urrcsponding to the point P results in the lower curve coming nearer to AB than the upper 
one. The impedance <)t the whole, corresponding to values of given by the lower curve, will then be less than 
that given by the nj)j)er curve, and the* fretjuDiicy suddenly falls, producing an alteration in represented bv 
PQ. Valuc.s of w* corresj)[)ndiiig Lo a further increase in will then be given by the lower curve, which rapidly 
apjiroachcs the line AB. 

In Fig. 23 (rt), the lull arrows trace the ])ath Nl’yB, and represent the changes in cu® virheii the .secondar}' 
circuit is timed UP. The dotted arrows represent the reverse path which would be followed if the changes in 
ii) 2 * were made in the reverse ihrectiou, i.e., tuning DOWN. 

Jn the al)nve ju'oeess it has been assumed that tlie oscillator had not much surplus of negative resistance, 
i.e., the coujilitig between grid and anode in Fig. 22 (a) is just sutficieut to maintain oscillations. In the case 
where this coupling is in excess of that minimuin value, the oscillator will possess a considerable excess of negative 
resistance. Tlie effect of this will be that for increasing values of tx^^, the value of 10 ^ will follow the upper curve 
beyond tlie point P, ])n)L‘eeding towards P^. On aicount of liie negative resistance in the circuit, frequencies 
represeiiteil by values of given by the lower curve no longer give a lower impedance than that given by 
frequencies crirrcs]bonding lo the n])per curve. The freiiucncy jump is delayed until the aerial current is largey 
enough to make the impedance of the whole circuit to the larger value of ci>® greater than the total impedance U'j 
the lower values. If this takes place at some point l\, the frequency will suddenly jump by an amount represented 
by ViQi ; from tliat point values of will follow the lower curve. 

Under similar conditions, with an excess of negative resistance in the primary circuit, the path followed for 
decreasing values of ta./ would be P 2 

A sensitive indicalion of the ])rescnce of frequency jump is given by the alteration in reading of the aerial 
ammeter, log. 23 (h) 1 e})re.sciils diagrammaiically the changes in aerial current with alteration of tOg*. 

It has been seen that the aerial current is an important facti^r in determining wdiich of the curves is followed ; 
when changes take jilaco in the latter as, for example, during keying, trouble due to frequency jump is sometime.s’ 
experienced. 

30. Practical Aspects of Ziehen Effect.—In regard to the value of the couphng factor K, 
it appears, from thr foregoing treatment, that there are conflicting requirements. To effect the 
maximum transfer of energy, the value of K should be high ; to avoid the phenomenon of frequency 
jump, the value of K must be maintained reasonably small. For practical purposes a compromise 
has to be found. 

At the transmitter, the practical test for the presence of frequency jump, described in paragraph 
28, is simple and easy to apply. If this phenomenon passes undetected at the transmitting end, its 
presence is revealed at the receiving end by the loss of part of the signal. The signal may arrive 
deficient in some of the “ shorts " which, together with the “ longs," go to make a morse code signal. 
The missing “ shorts " will actually have been radiated, but at a different frequency, and, if th^^ 
frequency jump is considerable, will not be received in the telephones of the operator at the receiving 
end. The signalled message is therefore unintelligible. 

The remedy to be applied at the transmitting end is EITHER to decrease the coupling, OR 
to de-tune the aerial circuit slightly away from the p)oints P or Q. With reference to Fig. 21 (a), this 
adjustment is effected in practice by tuning the aerial circuit to give maximum current, and then 
slightly turning back on the adjustment, i.e,, de-tuning 
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31. Dr}riiig-oiJt Circuit. —^The disadvantage arising in directly-excited aerial circuits due to 
intermittent wetting of the aerial insulation, and the consequent risk of cessation of oscillations and 
^(Unage to the valves, may be obviated by a '' drying-out " circuit such as that shown in Fig. 24. 



Fig. 24. 


It consists of a scries acceptor circuit (L„CJ introduced into tlic aerial circuit, and a con¬ 
nection to earth through a resistance (Rj), Irom tire junction of these two circuits. 

The introduction of the acceptor circuit has provided a circuit which will oscillate even 
if the aerial circuit is earthed at the deck insulator. 

Now the aerial circuit is resistance-coupled to this circuit by reason of the P.D. across the 
resistance Rj. 

If the deck insulator is earthed by salt water over its surface, as indicated at X, the high frequency 
P.D. across it will cause a leakage cuirent to flow through this moisture, tending to dry off the 
insulator. At the same time, provided the aerial and acceptor circuits are in resonance, oscillations 
will be forced on the aerial circuit. 


. As the deck insulator is a point of high potential in the aerial circuit, the moisture is rapidly 
dried off, once the aerial oscillations arc set up. 

This loss by leakage is equivalent to a damping loss R^ introduced into the aerial. 

The joint resistance of and Rg is equal to -jr—, and can never be greater than R^, 
however great the aerial damping. 
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32. Increasing the Power ; Multlyalve Arrangements.—^The heat capable of being 
dissipated at the anode of one valve is limited and, therefore, so is the amount of osallatory power 
available for radiation. To increase the power in the aerial circuit, the number of valves must' 
increased, and this raises the question of their relative arrangement. There are three possfjb 
valve dispositions:— 

(1) In series. 

(2) In parallel. 

(3) In push-pull. 

The first of these involves the necessity of providing an H.T. voltage supply greater than that 
necessary for one valve. Series circuits are little used, and the series-modulation circuit provides 
the best example (N.22). Parallel and push-pull arrangements in valves are, however, frequently 
encountered. 

33. Valves in Parallel. —^An arrangement of valves in parallel is illustrated in Fig. 25. 

The anodes are joined in parallel, with the same HT. voltage applied to each. In Fig. 25 (a), 

parallel feed is shown, and scries feed in Fig. 25 (6). 



m 


Transmitting Vaives tn FaraUsl. 
Flo. 25. 
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The grids are connected in parallel to the grid excitation coil. In one case they are shown with 
^parate condensers and leaks, in the other case this fitting is common. This depends on the 
f|f^ture of the valves used. The filaments are normally provided with separate rheostats, but this 
precaution is rapidly being dispensed with, owing to tire improved similarity of performance of 
modem transmitting valves. 


If two.valves in parallel have the same valve constants and w, it follows that :— 

(а) Their joint A.C. resistance is r„/2. 

( б ) Their joint mutual conductance is for the same applied grid voltage gives twice 

the total ANODE CURRENT through the output circuit that would be obtained 
from either valve singly. 

(c) The amplification factor of the combination 

= »'./2 X 2g„ = r,g„ m. 

and so is the same as the amplification factor^ of the individual valves. 

[d) The amount of heat capable of being dissipated at the anodes is doubled, i.e., the anode 

rating of the combination is twice that of the individual valves, ; thus the power 
that can be developed safely in the oscillatory circuit is doubled. 


If the damping losses in the oscillatory circuit arc equivalent to a resistance R, and the R.M.S. 
CIRCULATING CURRENT is with one valve, the oscillatory power transferred to the aerial 
when continuous oscillations are maintained is I^^R. 


Let the corresponding oscillatory power available with two valves in parallel be l 2 ®Ri then 
since the power is doubled— 

1^2 R = 21 R . ■ . la* - 21 1 * and I 3 = V2 
^I'hus the amplitude of oscillatory circulating current is increased V 2 times. 


With n similar valves in parallel, the amplitude of the circulating current is Vn times that 
obtained with one valve; in this case, the “circulating current “ is also the “aerial current." 
The decrease in A.C. resistance of this arrangement necessitates a corresponding decrease in the 
impedance of the oscillatory circuit to maintain the most efficient conditions, i.e., the position of 
the anode tapping point must be altered—in general, it is lowered. Under siiioidal conditi ons, the 
formula for the amount of inductance “ L^ " between anode and filament, viz., L^ = VLCRr^, 
allows the change in Lj to be deduced. 


With 


two valves in parallel, becomes and therefore “ L^ " becomes i.c., THE 


ANODE TAPPING POINT MUST BE LOWERED. 


Li 


With n valves in parallel, L^ would have to be reduced to to preserve maximum efficiency. 

Alternatively, it may be considered that as the circulating current has increased Vw times, the 
inductance between anode and filament must be decreased Vn times to preserve the same anode- 
filament P.D. (wLc/l). 


It is obvious that the anode tapping point cannot be lowered indefinitely, and in practice 
point is eventually reached at which the phase relationships necessary for the maintenance of 
oscillations cease to be preserved. The number of valves that can be used in parallel to increase 
the power of a transmitter is thus limited. 


Another difficulty that arises, with increasing number of valves, is the difficulty of preventing 
parasitic oscillations. The inductance of the common valve leads, and the valve inter-electrode 
capacities, and other stray capacities, provide oscillatory circuits of high natural frequency. H/F 
parasitic oscillations may therefore be set up which rob the main oscillatory circuit of energy, 

1 4 
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34. Push-Pull Transmitting Circuits. —push-pull arrangement of valves, as opposed 
to an arrangement of valves in parallel, necessitates some changes in the relative disposition of the 
valves and the tuned circuit. These adjustments, however, introduce no new principle, and follo^jK 
simply from the explanations already given of push-pull amplifier stages, and of transmitting circui/is^ 
with one valve. A simple push-pull transmitter is shown in Fig. 26 [a). The tuned circuit is 
connected between the anodes of the two valves, and the middle point of the tuned circuit inductance 
is common with the filaments. This is the ordinary push-pull output circuit as found in amplifiers. 
The condition for self-oscillations already encountered, that in each valve and must be as 
nearly in antiphase as possible, has also to be satisfied. Direct grid excitation is used in this 
transmitter, and so the grid tap and the anode tap of each valve must be on opposite sides of the 
common filament tap. 








PARALLEL FEED. 

Fig. 26. 


Looking at the disposition of the tuned circuit with regard to either valve, the circuit is seen to 
be exactly of the type described as—tuned circuit between anode and grid, direct inductive grid 
excitation. The feed as shown is parallel, and the anode is the electrode of high oscillating potential 
The oscillatory circuit, as in previous cases, may cither be the aerial circuit or be mutually coupled 
to an aerial circuit. It should be noted that, with a symmetrical circuit of this kind, the physicaj 
centre of the tuning inductance will also be approximately the electrical centre, and will be either' 
at “ earth " or an ‘‘ earthy " potential. For this reason it is not always necessary to have a physical 
connection between the mid-point of the coil F and the filament, in order to achieve the necessary 
grid excitation. Moi cover, the elimination of second harmonic distortion, which is achieved by 
matching, is facilitated if the centre point of the coil is not joined to the filament. 

A push-pull circuit of the type described as tuned circuit between anode and filament, mutual 
inductive grid excitation, series feed and high oscillating potential anode, is shown in Fig. 27 (a). 
This should be compared with Fig. 14, which shows the same type of circuit with one valve. A 
large condenser is inserted in the filament lead, as shown, to prevent a short circuit of the H.T ^ 
supply. 

The use of a grid condenser and leak to increase the efficiency of transmitting circuits, involves, 
in the push-pull arrangement, that the grid bias of each valve approximates to the condition already 
descril^d as "curvature biasing," or Class "B" operation. When efficient self-oscillations are 
being produced, the positive half-cycle of grid voltage in each valve sweeps over the whole of the 
straight part of the d 3 mamic characteristic of that valve. Thus the circulating current in the 
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oscillatory circuit corresponds in wave form very nearly to a simple sine curve, and the distortion 
produced in the wave form with one valve under the same conditions (Fig. 9) is avoided. In other 
j^rds, the higher harmonic current5, and particularly the second harmonic, which was shown to be 
‘^'principally responsible for this distortion, are almost completely ab'^cnt. The result is that a much 
purer wave is radiated, while the higher efficiency of the grid condenser and leak arrangement is 
preserved. 

In designing a transmitter of this nature, having wave changing arrangements, precisely 
determined conditions of operation are only possible if the grid leak is changed to match the 
frequency. Unless this is done, the working point of the transmitter may vary over a wide range, 
since the amplitude of generated oscillations usually varies ; at one frequency, conditions may be 
Class “ C ” and at another Class “ B," or Class A-B."' In all cases, however, if the matching is 
perfect, there will be no even harmonics although there will be a variety of odd harmonics. 



SERIES FEED 
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Another advantage over the parallel arrangement is the diminution of the nett inter-electrode 
capacity. Witli two valve.s in parallel, the conesponding inter-elertrode capacities of the individual 
valves are, of course, also in parallel, and so their effect is doubled. In the jiush-pull arrangement, 
it will be seen by inspection of the equivalent tuning diagrams of Figs. 26 (6) and 27 (6) that corre¬ 
sponding inter-clectrode capacities are halved. Changes in the.se capacities during transmission 
thus have a much smaller effect on the frequency in the push-pull arrangement. This is more 
important at high frequencies, where the valve capacities are a larger proportion of the total capacity 
of the tuned circuit. 

It should be noted, that the effective A.C. resistance of two valves in " pu.sli-pull " is twice that 
of a single similar valve. 

35. Peculiarities of Self-Oscillatory H/F Transmitters. —There is no difference, in 
principle, between the methods adopted for the generation of high and low radio-frequencies, as 
should already be evident from the section on H/F receivers, which usually contain self-oscillatory 
circuits generating H/F oscillations. Thus the classification of transmitting circuits applies equally 
to all frequencies. The differences that arise are found mainly in the design of components, 
transmitting valves, etc., required to reach the small LC values of the timed circuits at high 
frequencies. 

The inter-electrode capacities of a tran.smitting valve become of increasing importance as the 
frequency becomes higher. For example, the anode-grid capacity is often used as the tuned circuit 
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condenser, tuning being effected by varying the inductance. A variation in this capacity produces, 
therefore, a greater percentage variation in the transmitted frequency than in L/F circuits, and as 
the same small variation involves an increasing actual change in frequency as the frequency 
a self-oscillatory H/F transmitter usually produces a wave whose frequency varies between rathp ^ 
wide limits in cycles. 

The nature of the variations in inter-electrode capacity have been described in Section B 40, 
the principal effects being a relatively large increase in the grid-filament capacity, and a relatively 
smaller decrease in the grid-anode capacity, during the half cycles when piilses of anode current 
flow past the grid. 

The effect of these variations in the valve capacities may be quite pronounced, more especially 
since most Service H/F transmitters produce I.C.W. For this reason, all the newer transmitters 
avoid frequency variation, to some extent, by using circuits designed on the master control 
principle (paragraph 38). j 

The generation of spurious oscillatidns also occurs more readily at high frequencies, an^ 
provision may need lo be made for their suppression. Another important point, when using parallel 
feed circuits, is the design of the anode choke. The oscillatory frequency at some point of the range, 
may either be the same as the resonant frequency of the choke and its self-capacity, or a harmonic of 
it, and standing waves (R14) may be set up in the choke, of sufficient amplitude to damage its 
insulation. Further, according as the end of the coke attached to the anode is a node or antinode 
of potential, i.e., according as the frequency is an even or odd harmonic of the fundamental choke 
frequency, the oscillatory circuit may either be vitually short-circuited, or a higher P.D. than its 
rating will allow mav be applied between anode and filament of the valve ; or, when use is made of 
parallel feed to I des of the output valves of a master-controlled transmitter (paragraph 39), 
the occurrence of diulce-resonance producing an antinodc of potential at the anodes may render the 
output stage self-o.scillatory. In some cases, Service H/F transmitters are attachments to existing 
L/F transmitters, and use to some extent the same components. This coke-resonance effect^ 
necessitates the use of a different choke for parallel feed H/F and L/F circuits, and, in some cases, 
the insertion of a large resistance in scries with the H/F choke in order to diminish the H/F current 
when resonance cannot be avoided. Alternatively, provision may be made for short-circuiting 
portions of the choke, and hence altering its resonances according to the frequency in use. 


36. Particular Self-Oscillatory H/F Transmitters.—A typical Service transmitter of the 
older t 5 rpe is shown in Fig. 28 (a). The main tuned circuit capacity is the anode-grid inter-electrode 
capacity of the valves, and a variable condenser is inserted, by means of a switch, either in series 
or in parallel with this capacity. The two arrangements are shown in Fig. 28 (6) and (c) respectively. 
The series position corresponds to the highest frequencies, since the total capacity of two condensers* 
in series is less than that of cither. The resistance in series with the anode choke to prevent excessive 
choke resonance effects should be noted, and also the resistance in the anode lead to damp out 
spurious oscillations. In the parallel position, these tend to be set up in the circuit comprising the 
inter-electrode capacity, the blocking condenser, the variable condenser and their leads ; and in 
both positions they arc likely to occur round the circuit consisting of the anode-grid inter-electrode 
capacities of the valves and their common leads. 

The circuit is of the type classified as—tuned circuit between anode and grid, and parallel feed, 
the anode being the valve electrode at a high oscillating potential. There appears, however, to be 
no grid excitation, since the connection normally made from the filament to a point on the tuned^ 
circuit inductance intermediate between the grid and anode connections is absent. This apparent^ 
discrepancy, however, is simply explained by taking account of the valve inter-electrode capacities. * 
At high frequencies, these have values of the same order as the tuning condenser ; in fact, as pointed 
out above, C,. is the only tuned circuit capacitive path in the series position. The other inter¬ 
electrode capacities, and C,/, also possess comparable values, and carry a fair proportion of the 
oscillatory current. The complete tuned circuit, taking account of these capacities, is shown for 
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Fig. 28. 

the series and parallel positions of the variable condenser in Fig. 29 (a) and (&). The grid leak 
resistance is also shown, but for H/F oscillations it is by-passed by A grid insulating condenser 
and leak are, of course, still required to give the mean negative grid bias necessary for efficiency. 
Inspection of these circuit diagrams shows that, in both cases, the grid excitation may be consider^ 
as direct capacitive, as in the Colpitts circuit (paragraph 9). The filament connection to the tuned 
circuit occupies a position in the capacitive branch intermediate between the grid and anode con¬ 
nections. When an oscillatory voltage is developed across the tuned circuit, the hlament potential 
•is thus intermediate between the grid and anode potentials, and so V, and V, are in antiphase, 
which is the phasing condition for maintenance of oscillations. 



CO') SERIES POSITION. PARALLEL POSITION. 

Fig. 29. 

Erratum,—28 {h) and 29 (a). Delete anode blocking condenser shown in top lead of tuned circuit, 
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An interesting example of the effect of inter-electrode capacity in a transmitting circuit is 
provided by the Service transmitter already shown in Fig. 19, which was designed to cover the L/F| 
and lower M/F band of frequencies. At the lowest frequencies, tap Y is kept fixed, and tuning M 
effected by varying taps X and Z. As the frequency increases, the aerial tuning coil is cut ovf 
altogether, and the operations of tuning and adjusting the anode tapping point for most efficient 
conditions are carried out by manipulating the taps Y and Z. In Fig. 30, the equivalent circuits 
are shown for three positions of tap Y over this range of frequencies, llie H.T. supply and smooth¬ 
ing condenser have been omitted, as they do not affect R/F conditions, and so tap A is shown with 
a direct connection to the anode. This enables the circuits to be exhibited in the simplest way as 
tuned circuit between anode and grid, direct inductive grid excitation circuits {cf. Fig. 5). The 
lettering exactly corresponds to that in Fig. 19, and should enable the relation between the actual 



ip) C«0 (c) 

Fig. 30. 

and equivalent circuits to be followed easily. For convenience, tap Z is shown at position 6 on the 
tuned circuit inductance in each case, but it may occupy any lower-numbered position than tap Y. 
It will be seen that the current flowing through becomes ot increasing importance as the frequency 
increases ; Cg^, in fact, forms the capacitive branch of the tuned circuit in Fig. 30 (6) and (c), and 
enables the grid excitation (the oscillatory P.D. from 9 to 11 of the inductance) to remain in the 
correct phase for maintenance of oscillations ; the parallel circuit consisting of a, and the part of 
the oscillatory circuit inductance from A to Y, is resonant at a higher frequency than that on which 
the whole circuit actually oscillates, and so has a nett inductive reactance at the oscillatory frequency. 
Even at the lower frequency corresponding to Fig. 30 (a), plays an important part in supplying 
the grid excitation, although, as the filament connection is then betw^een the anode fap A and tap 
Y, grid excitation in the correct phase is provided by the P.D. from 9 to 10 of the oscillatory induct¬ 
ance, while still considering the aerial capacity tr as part of tlie capacitive branch of the tuned 
circuit. 

It was found that considerably higher frequencies could be obtained with this transmitter by 
combining taps Y and Z at a common point on the oscillatory inductance. The equivalent circuits 
for three such positions are shown in Fig. 31 [a), (6) and (c). With the same amount of fine-tuning 
inductance (F.T.) in circuit, the frequency increases as the combined tap ZY is moved from B to 
10 on the oscillatory inductance. In each case, the aerial capacity (which includes the H/F 
condenser, 0-25 jar), and the fme-tuning inductance form a parallel circuit in the inductive branch 
of the main tuned circuit ; this parallel circuit always tunes at a higher frequency than the whole 
circuit, and so possesses inductive reactance at the actual frequency of oscillations, i.r., it can 
effectively be replaced by an inductance. In Fig.31 (a), oscillations can still be obtained with the 
whole of the fine tuning coil out of circuit, since the branch of the main tuned circuit from A to F, 
through the oscallatory inductance from 8 to 9, possesses inductive reactance (v is short-circuited). 
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(a) 


W (c) 

Fig. 31. 


This is not the case in the circuits of Fig. 31 (6) and (c), and part of the fine tuning coil must then be 
included in the circuit for oscillations to be possiblf^ 

In all these cases of Fig. 31, there is a considerable dcj^ai ture fiom maximmn efficiency, and the 
amount of power transferred fiom the valve to the oscillatory circuit is only a small proportion 
of the power input. The power dissipation at the valve anode is cotrespondingly increased, and 
care must be taken to jirevent this from rising abo' e the anode rating, and hence damaging the 
valve. This is particularly necessary for the adjustment shown in Fig. 31 (c), where the only part 
of the grid excitation in the correct pha.se is the P.D. from points 101 o 11 of the oscillatory inductance. 
ITie whole anode (make-up) cuiient flows through the inductance from 9 to 10, and so produces 
a P.D. which is 90^^ out of phase with that from 10 to 11. V, is thus by no means 180° out of phase 
with at this adjustment, and the efficiency is low. In some cases, it is not possible for oscillations 
to be generated at all at this setting, one determining factor being the value of tlie aerial capacity. 


37. Frequency Variation.—In the elementary treatment of the valve as a generator, given 
in the earlier paragraphs of this section, the frequency of the self-oscillations was taken as the natural 

3 X 10^ 

frequency of the oscillatory circuit,/= ^ mics., and C in jars. 

This is only a first approximation to the truth, and a more exact analysis shows that the frequency 
depends, in addition, on the valve constants and ; it also depiends on the LC values of all 
circuits coupled to the oscillatory circuit, such a.s tlip aerial circuit, and that formed across the 
inter-electrode capacities of the valves. Uidess all of these components remain constant during 
oscillatory conditions, the frequency will inevitably vary. 

In practice, there are very many reason why changes take place in values of the various 
components determining the generated frequency. The valve constants and can only be 
regarded as at aU constant over the straight parts of the mutual characteristics, and even then 
their values are slightly different for differing steady potentials of the anode and grid. When the 
tuned circuit is between anode and grid, the anode-grid inter-electrode capacity is in parallel with 
the tuning condenser. Now inter-electrode capacity depends, partly, on the space charge and electron 
density in the valve (paragraph 35), ue., on the P.Ds. between the electrodes, and on the filament 
emission, and changes in either of these quantities alter the values of the various inter-electrode 
capacities. For both of these reasons, it follows that frequency constancy cannot be achieved unless 
the steady potentials of the anode and grid, and the filament emission, are kept constant. In 
practice some fluctuation is inevitable, and for this and other reasons the frequency of a valve 
generator may vary correspondingly. 

As an indication of the change of frequency to be expected, due to a change of anode voltage 
and fllament voltage, it may be observed that in the case of a paticular valve self-oscillating at a 
radio-frequency of 3,000 kc./s., the frequency changes by 50 cycles for a 10 per cent, cha n ge of 
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anode voltage, and by 1,600 cycles for a 10 per cent, change of filament voltage; these values are 
only approximate, and vary with the varying stiffness of the circuit. 

For many reasons a limit must be set to the amount of permissible frequency variation. 
the variation is at all considerable, the heterodyne reception of C.W. becomes difficult; this is 
particularly the case at high frequencies, where the heterodyne note will be constantly changing in 
pitch. Frequency variation of an I.C.W. signal wiU give at least three notes, two rising and one 
falling in pitch, as the carrier frequency varies. Apart from these difficulties, the limited number 
of lines of communication in the aether spectrum, together with the steadily increasing volume of 
W/T traffic, make it essential that each transmitter should adhere to its allotted frequency within 
very narrow limits. 

The allocation of frequency bands, for all purposes, and the determination of the frequency 
tolerance of the transmitters, forms part of the work of the Comity Consultatif International Radio- 
61^ctrique. The following table indicates the recommended frequency tolerances for certain typas/* 
of station. The tolerance is expressed as a percentage, and is merely the permissible drift durinj> 
transmission. 


Frequency range in kc./s. 

Recommended frequency tolerance. 

Land stations. 

Mobile stations. 


Per cent. 

Per cent. 

10-550 

0-1 

0-5 

550-1500 

0-1 

0-5 

1500-6000 

01 

0-1 

6000-23000 

0-1 

01 


In the Naval organisation, a much more stringent requirement is frequently superimposed, 
namely, that a transmitter tuned to any specified frequency must, at all times, and without further 
tuning, oscillate at that frequency within a few hundred cycles. 

It is possible to recognise three varieties of frequency variation ; these will be referred to 
under the headings ■ [a) frequency drift; (6) slow frequency variation; and (c) frequency 

Spread. 

It will be shown that the various causes may be classified into disturbances originating in the 
circuit, and disturbances originating in the valves. 

(а) FREQUENCY DRIFT.—Frequency drift is chiefly due to the expansion of the tuning 
coil by heating. The inductance is thereby increased, thus causing a decrease in transmitted 
frequency. The resistance of the coil also increases with temperature and, therefore, tends further 
to decrease the frequency ; this effect is only of secondary importance compared with that due to 
increasing inductance. In practice, this has been countered by the design of special '* anti-drift ” 
coils. 

(б) SLOW FREQUENCY VARIATION.—The slow frequency rise and fall of self-oscillatory 
circuits, in which the aerial comprises the only tuning capacity, is the result of aerial sway. In 
many ships, the aerial feeder runs parallel and adjacent to a steel mainmast, and provides a 
proportion of the total aerial capacity. The sway of the feeder in the wind, or with the roll of tr ^ 
ship, varies its position relative to the mast, and therefore its capacity. A change of weather 
conditions may alter the length of the guy ropes locating the feeder, and provide the reason why 
the transmitter will not always return to the same frequency with the same coil adjustments. 

(c) FREQUENCY SPREAD,—Fluctuations of the anode, grid, and filament voltages are 
reflected in changes of the valve constants. Several of the changes which occur, produce opposing 
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effects on the generated frequency, but, on the average, probably the most potent cause of variation 
is the increase of giid/filament capacity with increase of electron density in the field between the 
electrodes. The pulses of anode “ charging current ” at each positive half cycle thus introduce a 
'•Kjrequency variation (frequency modulation); the frequency is therefore continuously changing 
over a narrow band. 

Now this effect is more noticeable in H/F circuits where the valve inter-electrode capacity 
becomes comparable with that of the tuning condenser. Moreover, if such circuits are over-loaded 
or badly adjusted, secondary emission from the grid may occur, particularly when using grid 
leak bias. The mean grid potential then fluctuates, and may introduce an amplitude modulation. 

In a ship installation, vibration is a frequent cause of trouble. In the silica valves, it causes a 
small and continuous change of the relative positions of the grid and filament, the result being a 
continuous small vaiiation in the valve characteristics which may modulate the transmitted wave 
at noise frequencies. The deciding factor is the “ working point ” of the valve. If the bias is 
l)eyond the cut-off point, as in Class “ C '* operation, a grid modulation of small peak amplitude 
can be applied to the grid without affecting the anode current, and therefore the aerial current. 
If the bias point is somewhere on the bend, as it often is in H/F transmitters, any modulation applied 
to the grid will cause a variation in the anode current, and a modulated wave will be radiated. 
Any change in the position of the anode within the valve, produces an effect of much smaller 
importance. 

The general effect of all these modulations, produced by disturbances originating in the 
valves, is to produce the appearance of a “ frequency spread.'" At the receiver, the tuning will 
appear to be flat; heterodyne reception of such a transmitter will produce a gruff note, having no 
definite musical quality. The transmission is therefore difficult to read through atmospherics, 
although under good conditions, the gruff note is less tiring to the ear for long periods of working, 
and has what the receiving operator terms “ punch."' 

If any one of these forms of frequency variation is present in exaggerated form, interference 
will be caused to other services on adjacent frequencies. 

38. Methods of Avoiding Frequency Variation.—It has been seen that pure C.W. can- 
only be generated by a self-oscillating valve circuit, when both filament and anode supplies are 
from a source free from any modulating influence, when the valve is carefully insulated from any 
mechanical vibration, and when the oscillatory circuit itself is entirely rigid in design. In general, 
it is only possible lo satisfy these conditions with comparatively small transmitters, of a few watts 
input; for larger powers, other methods must be employed for stabilising the frequency. It is 
not over-stating the case to say that the high powered self-oscillatory transmitter cannot produce 
a frequency sufficiently constant for modern requirements. 

In modern practice, there are three general methods of generating a frequency which is stabilised 
within the prescribed limits of frequency tolerance ; they will be referred to under the headings :— 
(a) MASTER OSCILLATOR CONTROL.—This will be taken to include all cases where 
the self-oscillatory MASTER CIRCUIT gives a frequency which may be con¬ 
tinuously varied over a band ; in all cases it will be a low power rigidly designed 
circuit, which passes its output on to a power amplifier, and thence to the aerial. 
In the Service, such circuits may give a frequency constancy of the order of ± one 
part in 2,000, and are described in further detail below. With lower power, and 
more stages, a good circtiit should have an error of ± 1/5,000. 

(h) TUNING FORK OR QUARTZ CONTROL.—These are electro-mechanical methods 
for the MASTER CONTROL of frequency ; only the latter method is seen in Service 
practice. It is described in further detail below, and by means of suitable circuits 
it is easily possible to produce pure C.W. with a frequency constancy of the order 
of ± one part in 10,000. This method of MASTER CONTROL does not provide 
a continuously variable range of controlled frequencies ; it is generally used to give 
a limited number of precisely determined “ spot frequencies." 
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(c) SPECIAL FREQUENCY STABILISED CIRCUITS.—Very many self-oscillatory 
circuits have been designed to generate a frequency which is substantially inde¬ 
pendent of one or the other of the various variable factors. For example, there, 
are circuits in wliich the frequency produced is independent of any change in th^ 
valve constants and and which minimise the effects of any iteration in the 
inter-electrode capacities. These circuits give a measure of frequency control, 
but are not as efficacious as either of the two foregoing methods, which should 
therefore be prefened whenever possible. A brief account of some of these circuits 
will be given below. 

The term MASl'EK CONTROL will be used in reference to both methods [a) and (6) ; the 
inception of transmitters with a stabilised drive circuit, followed by a power amplifier, opened a 
new era in valve transmitters (paragraph 1). 


39. Master Oscillator Control. —The general principle of the method adopted, is to generate 
the self-oscillations in a circuit the constants ol which are sufficiently under control that the frequency 
generated varies within very narrow limits. The oscillatory voltage produced at this frequency 
is then applied l^etween grid and filament of a valve or valves, capable of giving sufficient output 
power for the transmission required. The oscillations in the power output stage are thus forced 
oscillations, and not free oscillations, as in the self-oscillatory circuits previously considered, and 
they take place at a frequency entirely decided by the master oscillator. This power stage is thus 
essentially the same in principle as the power amplification stage in a receiving circuit, though the 
power output is, of course, enormously greater. At Rugby, the output ol one master circuit is 
IQr^^ times the aerial power. The circuit in wliich self-oscillations are initially generated is called 
the MASTER OSCILLATOR, the reason for the name being obvious. 

An analogy is sometimes diawn between the balance wheel of a watch and the master oscillator 
part ol a transmitter. The balance wheel allows the main spring to administer the regular impulses 
to the watch mechanism, at a frequency entirely determined by the balanced wheel and associated 
hair spring. The parallel is an interesting one, but it cannot always be drawn too closely. 

The simplest type of master oscillator is merely h rigid low-powered self-oscillatory circuit, 
in which special precautions are taken to avoid variation in the electrical quantities which affect 
the frequency. Particular attention is paid to such points as the smoothing of the H.T. supply 
voltage to the anode, the careful regulation of the filament supply, the position of the working 
point on the valve characteristic determined by the grid leak and condenser combination, the use 
of valves which need not be worked up to the limit of their anode rating, and by the use of a tuned 
circuit in which the tuning capacity is relatively large in order that variations of inter-electrode 
capacity may affect the frequency as litfle as possible. “ Frequency drift " is countered by the use 
of anti-drift inductance coils, and other components rigid in desig;^. The whole circuit should be 
mounted in such a way as to prevent mechanical vibration of its parts ; in one Service case, the 
silica valves were tilted at a small angle to the vertical, to assist in limiting the internal vibration 
of the electrodes and their supports. 

These requirements are more easily fulfilled at low frequencies, and, in general, it may be said 
that master circuits require more careful design as the frequency increases. 

Master circuits must be carefully screened from the main power stage, and the components of 
both circuits arranged so as to minimise stray coupling. Inter-electrode capacity coupling between 
the output of the power lunplifier and the master oscillator must also be carefully neutralised. 
Using the analogy of the watch, there must be no reaction of the main spring on the hair spring. 
This point is dealt with in more detail below. For the above reason also, the use of any properly 
adjusted master circuit ensures that no power is transferred from the master circuit to the aeri^ 
circuit, and vice versa ; thus the effects of variations in the aerial capacity and inductance on the 
frequency arc eliminated. 
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A tTansmitting circuit of this type, designed for medium frequencies, is sbmvn in Fig. 32. The 
master oscillatory circuit is of the type described as—tuned circuit between anode and grid, direct 
inductive grid excitation, parallel fejd, the anode being the electrode at a high oscillatory potential, 
vthe main circuit consists of two vaives in parallel, their external anode circuit being the aerial 
circuit. Parallel feed is also employed for the main power valves. The oscillatory P.D. developed 
across the portion of the master tuned circuit inductance between the grid and filament taps, is 
applied to the grids of the power valves through a coupling condenser Cj. N.C. is the iieutrahsing 
condenser, to balance out inter-electrode capacity coupling between main and master circuits. 
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The necessity, in geiiejal, for neutralising master controlled transmitters should be carefully 
noted. It will be recalled that, in the case of receivers, the necessity for neutralising H/F amplifying 
stages passed with the invention of the screen giid valve, and, later, the H/F peniode. That 
'^change in W/T receiver construction dates from about 1929, in wiiieli year the technical press 
contained articles with titles such as “The passing of the neutralised triodc.“ A similar change 
has begun to affect transmitter construction. 

The best master controlled transmitters ought to iiicliidt' a buffer stage between the master 
circuit and the poAver amplifier, the grids of the buffer valves being biasid so far back that they 
take no grid current, and therefore apply no load to the master. Space limitations, and the 
necessity for rapid wave changing, usually make it impicssilde to use ideal designs in H.M. 
Ships. 


40. Neutralisation of Master Oscillator Circuits.—The diffitulties that arise in securing 
adequate prevention of regenerative reaction between the main and master circuits present a 
complex problem, and only the elements of it can be considered hiue. Unless such reaction is 
eliminated, the transmitted frequency may vary even more than would be the case with a self- 
oscillatory circuit. Any reaction of the main on the master circuit renders the frequency of the 
master dependent, to some extent, on the constants of the main circuit, and re-introduces in more 
virulent form the frequency variations which the use of a master oscillator is designed to avoid. 
Conditions may also occur in which both the main and master circuits are rendered self-oscillatory. 
As the natural frequencies of the two circuits are never likely to coincide for any period of time, 
the effect of self-oscillatory conditions in both circuits, is that the oscillations in the main circuit are 
modulated at the frequency of the master. Three frequencies will then be transmitted instead of 
one, all three in addition being variable. (This point will be better understood after the explana¬ 
tion of side-bands in Section “ N.“) The necessity for careful screening has already been emphasised, 
and it is also necessary to neutralise the flow of energy through the coupling condenser and the grid- 
anode inter-electrode capacities of the jjower valves. As a t 5 q 3 ical instance, the neutralisation of 
the circuit shown in Fig. 32 will be discussed. A neutralising condenser is shown connected between 
the points B and A. The operation of such condensers has already been explained for amplifying 
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circuits. Fig 33 shows one aspect of the neutralisation of this circuit, the relevant parts of Fig. 32 
being redrawn as an A.C. bridge with respect to feed of energy from the master, and may be com¬ 
pared with the “tapped input “ method of neutralising (Section “F"). r 

It is obviously of the greatest importance, in the operation of such a master oscillator circuir; 
to ensure accurate neutralisation, and for that reason the purpose to be kept in mind when adjusting 
the neutralising condenser will now be treated in greater detail. 

Suppose that the master circuit is oscillating, and that the filaments of the main power valves 
are alight, but that their H.T. supply is not made ; also that the coupling condenser is set at a fixed 
adjustment. In Fig. 33 there is then an oscillatory P.D. between A and G, and oscillatory current 
will flow through the two parallel paths presented by the master inductance, AFG, and the neutral¬ 
ising condenser N.C., anode-grid valve capacities and coupling condenser, AEG. One aim of 
neutralisation is to adjust N.C. so that the points E and F are at the same oscillatory potential as 
far as this applied P.D. for the master is concerned. If this is ensured, there can then be no oscillatory 
P.D. across EF from this cause, and therefore no energy can be FED FORWARD from the mastdV 



circuit to the output circuit. Hence, the condition for neutralisation is that the voltage drop across 
AB should be equal in magnitude and in phase to that across AF (necessitating also the equality of 
the voltage drops across FG and EG). The neutralising condenser must be adjusted imtil this 
condition is satisfied. 

Of more importance, however, is the question of FEED-BACK OF ENERGY from the main 
tuned circuit to the master inductance when the main H!T. supply is made. The reactance of the 
large coupling condenser is small, and so the main circuit (across BF),in series with the master 
inductance from F to G, is effectively in parallel with the valve capacities between the anodes and 
grids. This constitutes a possibly self-oscillatory circuit of the type classified as tuned circuit 
between anode and grid and direct inductive grid excitation, the latter being across the inductance 
FG. The introduction of the neutralising condenser enables an equal and opposite P.D. to be 
developed across the other part, AF, of the master inductance ; the bridge becomes balanced, and 
no P.D. can be produced across AG. 

It Ciin easily be seen that the setting of the neutralising condenser to prevent " feed back ” of 
enei’gy is the same as that demanded by the conditions for no “ feed forward.” With this setting, 
therdorc, self-oscillation of the main circuit is prevented, and also any reaction of main on master 
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dicuit, and vice versa. The condition for “ no feed forward " usually provides the practical method 
of neutralising. 

^4 To obtain the correct adjustment, the foUowing procedure may be adopted, the conditions 
being as postulated at the beginning of the discussion. When the adjustment is inconect, there 
will be an oscillatory P.D, across the main circuit. This circuit is tuned until its ammeter registers 
maximum current. The neutralising condenser is then adjusted until the ammeter reading falls 
to zero. 

It will be observed that the arm ABG of the bridge is in parallel with the master oscillatory 
inductance, and so any alteration of either the neutralising condenser or the coupling condenser 
alters the master tuning. Hence, when neutralising, the main circuit must be re-tuned to give 
maximum ammeter reading at intervals during the adjustment. When approximate neutralisation 
has been obtained, the fin^ frequency adjustments of the master and main circuits can be made, 
and the process repeated. 

A factor rendering good neutralisation difficult, is the inductance of the leads in the bridge arms 
containing the neutralising condenser, the power valves and the coupling condenser. When this 
is appreciable, the setting of the neutralising condenser varies with the frequency ; this is especially 
the case at H/F. 

A common disturbing factor is the occurrence of H/F parasitic oscillations in the circuit formed 
by the inter-connection of the valve anodes and grids, as has already been mentioned when con¬ 
sidering valves in parallel. Another circuit which may generate parasitic oscillations is provided 
by the master tuning condenser, and the arm ABG of the bridge in conjunction with the connecting 
leads. These oscillations may be damped out by inserting resistances in the arms of the bridge. 
To preserve phase balance in the bridge, the resistances must be adjusted symmetrically in each 
limb. This introduces damping into the main and master circuits. 

Another method is to eliminate the grid excitation of the valves at the parasitic frequency, by 
Inserting, between the grid and its leak resistance, a coil and condenser in parallel, of reactance 
equal and opposite to the original grid filament rcacttince at this frequency. 

There is then no grid-filament P.D. at the parasitic frequency, and so these spurious oscillations 
cannot be set up. The use of this method requires an alteration in the setting of the neutralising 
condenser, whenever a chance is made in the frequency it is desired to transmit. 

Alternatively, it may be considered that this introduction of a coil and condenser in parallel 
alters the parasitic frequency so as to make it an odd harmonic of the anode choke resonant 
frequency. The standing waves then set up in the choke have approximate voltage nodes at each 
end, and so there is practically no anode voltage variation at the paiasitic frequency, i.e., self 
oscillations cannot be maintained. 


41. Master Controlled H/F Transmitters.—Reference has been made to the greater 
frequency variation to be expected in H/F self-oscillatory circuits ; this is particularly the case 
when I.C.W. is being produced. Modem self-oscillatory H/F transmitters are capable of producing 
C.W. with very little frequency modulation, but I.C.W. is commonly used for H/F transmission, 
since it is equivalent to three C.W. oscillations at neighbourmg frequencies, and is therefore of 
some assistance in overcoming fading (P.14). To keep the carrier frequency constant, some form 
□f master control is desirable. 

A master control circuit, using a push-pull output stage, is shown in Fig. 34. 

The master is a rigid low-power self-oscillatory circuit, of the type classified as tuned circuit 
between anode and grid, direct inductive grid excitation and series feed. The output across the 
master tuned circuit inductance is taken to the grids of the power valves through two coupling 
condensers. Parallel feed is used for the H.T. supply to the anodes in the power stage, and pro¬ 
vision is made for avoiding choke resonances by short circuiting part of the anode chokes accor^ng 
to the frequency in use. 
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Fig. 34. 

This circuit provides an interesting example of the principles of neutralisation. Neutralising" 
condensers are connected between the anode of each valve and the grid of the other, but their 
introduction tends to give rise to parasitic oscillations round the neutralising bridge circuit, Fig. 35 
These are damped out by the symmetrical insertion of resistances in the four arms of the bridge, 
and the bridge is then readily balanced for frequencies at which the inductive reactance of con¬ 
necting leads can be neglected, i.e., an applied P.D. between and Ag gives rise to no P.D. across 
GjGa, the master circuit. 

Although such a bjdance obviates reaction on the master from the main circuit, it does not 
necessarily prevent self-oscillation of the latter. The filaments of the valves are earthed, and, at 
any moment, the anodes A^ and Ag have equal and opposite potentials to earth. Thus, although 
Gi and Gg must be at the same potential when the bridge is balanced, they are not necessarily at 
earth potential, i.e,, there may be a grid-filament P.D. to earth in each valve. Inspection of Fig. 3'^. 
shows that this grid excitation is in phase with the anode-filament P.D in one valve, but in anti/ 
phase with it in the other. This causes one valve to absorb energy, but the other will tend to stU 
up self-oscillations in the main circuit if the grid excitation is sufficient. Hence it is further necessary 
to balance the bridge in such a w^ay that and Gg are at earth potential, i.e , midway between the 
potentials of A^ and Ag. Assuming the valves to be matched, so that theii inter-electrode capacities 
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are equal, this further condition is satisfied if the bridge is balanced with equal settings of the two 
neutralising condensers, and for this purpose the condensers are ganged. 

» Above a certain frequency, the inductive reactance of connecting leads is large enough to make 
a balanced bridge impossible, unless the inductance is symmetrically disposed in the four arms. In 
Fig. 35, the inductances of the leads from the anodes and grids of the valves are shown as L„ and 
respectively The condition for a balance w^hich is independent of frequency, and brings and 
Gj to earth potential, is that the capacity, inductance and resistance of each arm of the bridge 
should be the same. The low frequency balance ensures that the capacities are equal, and the 
anti-parasitic resistances are symmetrically inserted, but it may be necessary to introduce small 
coils into certain of the bridge arms, to give a symmetrical distribution of inductance. This is 
indicated by the variable coils in Figs. 34 and 35. 

Neutralisation is then obtained by a series of successive approximations, as follows :— 

{a) Set each inductance L^, by calculation, to a value approximately equal to + L,. 

(6) Energise the circuit at the lowest frequency to be transmitted, and adjust the ganged 
neutralising condensers until a balance is obtained. (If the neutraJising condensers 
are not ganged, they must be adjusted equally). 

(c) Energise the circuit at the highest frequency to be tran.smitted, and re-neutralise by 
e'qual adjustments of the inductances Lj, 

(f?) Repeat operation (6). 

This process can be cariied out when the transnaiier is first assembled, and should give approxi¬ 
mately correct neutrali.sation over the required Irequenry lange ; but if the settings are found to be 
critical, slight arljiistments may bn necessary wheiievtT the frequency is alieied. 


42. Tuning Fork or Quartz Control.—^The other ly[>e of master oscillator circuit is one in 
which an endeavour i^ made to render the irequency of the self-oscillations independent of the 
^ electrical constants of the fifcuit. The control may be exercised, for example, by a tuning fork 
vibrating at a definite frequency. - 
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The commonest master oscillator of this nature makes use of the special properties of certain 
crystalline materials, notably quartz, and is therefore called QUARTZ CONTROL. Other materials^ 
which have been used are Tourmaline, and Rochelle salt. ^ 

QUARTZ occurs in nature, and often in large lumps having the crystalline form shown approxi¬ 
mately in Fig. 36 (a). It is particularly abundant in Madagascar and Brazil. Chemically, it is an 
oxide of silicon (SiOj), called silica, and silica is merely fused quartz. The crystalline structure is 
of the type technically known as hemihedral with inclined faces."' Its optical behaviour determines 
a particular direction in the crystal called the optical axis ; this direction is that of any line in the 
^crystal parallel to the line joining its two extremities. 

The peculiar property of such a crystal on which quartz control depends, is that if it is subjected 
to pressure, an electrical P.D. is developed across it. The application of a tension instead of a 
pressure produces a P.D. in the opposite direction. Conversely, if a P.D. is applied across tJ*^ 
crystal, it undergoes mechanical deformation, t.e., it contracts or expands according to the direction 
of the P.D. It is found that the relation between pressure and P.D. follows almost a linear law. 

These properties were discovered and investigated by the Curies in 1880 (c/. K.l). The effects 
are said to be PIEZO-ELECTRIC (Gk. PIEZEIN—to Press) and their magnitude varies according 
to the direction in the crystal along which the pressure or P.D. is apphed. 

Investigation has led to the discovery and definition of further axes of symmetry, namely, 
ELECTRICAL AXES, and MECHANICAL AXES. Quartz crystals are seldom symmetrical in 
form but for simplicity, in Fig. 36 (6) and (c), the sections perpendicular to the optical axes have 
been taken to be hexagonal in shape. 

ELECTRICAL AXES.—These are three in number and are directions which are defined by 
lines bisecting the angles of the hexagon which is formed by the sections perpendicular to the optical 
axis ; Fig. 35 (a) and (b) shows one of these XX, and others for an irregular shaped crystal are 
shown in Fig. 36 (rf). The electrical axes are directions of maximum piezo-electric activity, 

MECHANICAL AXES.—These are also three in number and aie directions defined by lines 
drawn perpendicular to the sides of the hexagon formed by the section perpendicular to the optical 
axis. Fig. 36 {a) and (^) shows one of these axes YY, and a section Y'Y' is shown in Fig. 36 (c). 
They are the directions of mechanical stress corresponding to the electrostatic stress. 

Crystal sections are used in the form of plates or bars. There are very many different sections 
and each is defined by the angle at which it is cut. The best known are still, probably, the X-cut 
and the Y-cut crystals. 

X-CUT.—This section is also known as the “ perpendicular cut," since its major surfaces are 
parallel to the optical axis and perpendicular to an electrical axis, as shown in Fig. 36 (6). X-cut 
crystals develop a large piezo-electne effect, and they execute longitudinal vibrations ; an expansion 
or contraction along the mechanical axis is accompanied by a contraction or expansion along the 
electrical axis respectively. These crystals have two po.ssible frequencies of oscillation, and the 
one chosen depends upon the working conditions. The temperature coefficient is negative, and 
has a value of the order of 20 parts in 1,000,000 per degree Centigrade. Moreover, as the temperature 
^ters, there are usually discontinuities in the frequency/temperature coefficient curve ; this produces 
an abrupt jump in the frequency, and constitutes a source of trouble. This cut, or one of the newer 
ones, is used in high-class working. 

Y-CUT.—This section is also known as the ‘'parallel " or 30° cut,because of the 30° change in 
orientation from the perpendicular; it is shown diagrammatically in Fig. 36 (c). It is not so 
commonly used as the X-cut, but the piezo-electric output is usually greater ; very frequently the 
^ temperature coefficient is positive and of the same order of magnitude as in the previous case. Y-cut 
crystals are usually subject to more discontinuities than X'K:uts ; they are often used in small sets 
w4lere maximum crystal output is needed. 
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Very many other ** cuts " of crystal have been investigated, often with the object of discovering 
one having as zero temperature coefi&cient. Very satisfactory sections have recently been obtained 
by cutting plates at different angles of rotation about the X-axis, i,e,, with the plane of the plate 
inaking some angle less than 90° jvith the optica! axis. Zero temperature cut " crystals are in 
use in the installation on board R.M S. “ Queen Mary,'* and also in the Service. 

A crystal usually executes either longitudinal or shear vibrations, but if long rods or bar are 
used instead of crystal plates, it is possible to produce a torsional (or twisting) vibration, or flexural 
(or bending) vibrations. The subject is a complex one, and the frequency will vary with the mode 
of oscillation. 

In the case of X-cut crystals pcrfoiming longitudinal vibrations, the natural fiequency varies 
inversely with the linear dimension principally concerned; it is given approximately by the 
expression— 



where K = 2-860 x 10®, and where t is the thickness in millimeters If the slice is one millimeter 
thick, it will be seen that the frequency generated is approximately 3,000 kc./s. X-cut crystals 
can also oscillate at another frequency, given by the above expression in which the width replaces 
the thickness “ t.” It will be seen that this is a lower frequency and, in practice, adjustments 
arc made to use the higher one only These crystals can be ground having natural frequencies 
ranging from about 25 kc./s. to about 7,500 kc/s. ; the practical upper limit is more usually of the 
order of 4,000 kc./s., for at frequencies above this the crystal is very thin and is therefore not very 
robust. Recent improvements in the technique of crystal grinding have made it possible to 
produce crystals capable of use, under certain conditions, at frequencies as high as about 
15,000 kc./s. 

MECHANICAL RESONANCE.—Suppose now that an oscillatory P.D. is applied across such 
a crystal slice. This sets up an alternating stress in the plate and vibration conrunences. As in 
• the electrical case of an alternating E M.F. applied to the oscillatory circuit, this vibration may be 
consideied to consist of two components, a forced oscillation at the frequency of the applied P.D., 
and a free oscillation at the natural frequency of the plate. The frequency of the free oscillation, 
depends only on the mechanical properties and the dimensions of the plate, and not at all on that of 
the applied P.U. In general, the forced oscillation is of small amplitude, but if the frequency of 
the applied P.D. is anywhere near the natural frequency of the crystal, conditions approaching 
mechanical resonance ensue, and the magnitude of the free oscillation reaches a large value. This 
free vibration sets up an oscillatory P.D. of correspondingly large amount across the crystal faces. 
It is the latter oscillatory P.D. which may be applied between the grid and filament of a valve to 
maintain electrical oscillations in the valve and its associated circuit. The frequency of such 
oscillations is found to be almost the natural mechanical frequency of vibration of the quartz 
plate, and is almost independent of the electrical properties of the valve circuit. Frequency variation, 
due to changes in these properties, is largely eliminated and the transmitted frequency is constant. 

Since any crystal has a natural frequency of oscillation, it is reasonable to suppose that it may 
be replaced by an equivalent LC circuit; the behaviour at resonance indicates that such a circuit 
would be highly selective, and therefore with a very small “ log dec." This conception is a very 
practical one, and its use assists materially in the appreciation of the action of quartz control circuits. 

Although other crystals possess piezo-electric properties, quartz is still the most commonly 
used. Tourmaline is a semi-precious stone and is therefore too expensive. Rochelle salt is finding 
extensive application in connection with gramophone pick-ups and microphones, particularly in 
^view of the fact that it is more sensitive than quartz and can be artificially manufactured. It is, 
however, very fragile and suffers from a number of other defects which, at present, prevent it from 
being so extensively used as quartz. 

43. Mounting the Quartz Crystal.—The two factors which affect the frequency at which the 
crystal oscillates, apart from its mechanical dimensions, are temperature and the size of the air gap 
in which it works. Depending on the way in which the crystal is cut, the temperature coeffidlgit 
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may be positive, tiegative, or allhost ttro. Crystals axe usnally operated in horizontal mountings, 
so that, in operation, they “float** between parallel metal surfaces which give an air gap, the thickness 
of which is the same at all points. If crystals are mounted vertically they tend to lean on one plati 
or the other, thus producing a tapering air gap at each side ; the thickness of the gap at some poinft 
may then be such as to set up air vibrations which damp those of the quartz, and, in practice, the 
oscillations are difficult to maintain. 

Fig. 37 represents a modern type of crystal holder in which the crystal is completely enclosed. 

Essentially, the holder consists of 
two large masses of metal separated 
by insulation, the crystal resting 
on the lower one. The two metal 
laces between which the crystal is 
held are accurately plane and / 
parallel, and a very delicate adjust-' 
ment of the air gap between the 
upper face and the crystal may be 
made by means of the micrometer 
screw down in the diagram. 

The frequency at which the 
crystal vibrates varies with the 
thickness of the air gap, due to the 
change in the effective capacity of 
the crystal holder plate system; 
the frequency becomes higher with 
a larger gap—or small capacity 
holder—and lower with a smaller 
gap, provided that the crystal docs 
not jump to another mode of 
vibration. Crystals adjusted for a 
particular frequency arc supplied 
in their holders ; these' may be of 
the fixed gap or variable gap types, 
and in the case of the latter (Fig. 
37), it should be remembered that 
no alteration or adjustment of any kind can be made without destroying the results of calibration. 

"Wlien a quartz-controlled transmitter is operating, the quartz crystal increases in temperature, 
and there is usually a “frequency drift “ until the quartz reaches an equilibriiun temperature.' 
Moreover, chaiige.s in temperature of Uie space in the neighbourhood of the crystal holder may 
produce corresponding alterations in frequency. To eliminate these undesirable features, the 
crystal must be maintained at a constant temperature, except in cases 'where the temperature 
coefficient of the crystal is negligibly small—using so-called “zero temperature cut crystals.” In 
some cases temperature control is achieved by enclosing the crystal holder in a small oven, the 
temperature of which is maintained constant by thermostatic control. Less rigid control is obtained 
by using the relatively large masses of metal which characterise modern crystal holders (Fig. 37). 
The large amount of metal acts as a heat reservoir (or sink), and tends to maintain the crystal at a 
constant temperature, in spite of slight changes in the ambient temperature. 

With thermostatic control, the limits of frequency variation may be reduced to several parts 
in 100,000. 

44. Harmonic Picking. —In addition to the fundamental frequency of the crystal, a very 
long range of “over-tones” may also be generated by suitable circuits. For frequencies above about 
6,000 kc./s., it is not always practical for the quartz crystal to be ground thinly enough. In that case, 
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frequency control can be achieved by choosing the dimensions of the ciystal so that a multiple of 
its fundamental frequency is the one that is required for transmission. That crystal must then be 
^ed to control the frequency of a valve working over a non-linear portion of its characteristic ; a 
long range of overtones will be genf*ratcd, and the desired one may be selected by suitable circuits 
and subsequently amplified. Alternatively, resoit may be had to " frequency doubling cir¬ 
cuits/’ which are described in greater detail below. 

Thus, for a transmission on 12,000 kc /s , a 4,000 kr /s. crystal circuit can be used, since the 
third harmonic provides the required frequency. 


45. Typical Quartz Control Circuits.—Two methods of applying quaitz control to an 
oscillatory circuit are shown in Fig. 38 {a) and (6). The circuit of Fig. 38 (a) is of the type described 
as tuned circuit between anode and filament, mutual inductive grid excitation and series feed, 
^ut, if the crystal were not present, the grid excitation wni-ld not be sufficient to generate self¬ 
oscillations. If, however, a quartz crystal is inseited betveen the grid coil and filament, the initial 
oscillatory impulse sets it in oscillation, and the piezo-electric P.D. produced gives sufficient grid 
excitation to maintain continuous oscillations. 



Co) itr) 

QUARTZ COnTROLLCO CIRCUITS. 

Fjg. 38. 


As was suggested in paragraph 42, a vibrating crystal and holder may be considered equivalent 
to a highly selective LC circuit ; it may effectively be re])laccd by an inductance of very high value 
in series with a condenser and resistance of very small values, the whole being shunted by a sm^l 
condenser. It is equal to a stiff electrical circuit having a very sharp resonance peak. Regarded in 
tliis way, the resonant frequency of the crystal is obviously slightly altered when other circuits are 
coupled to the crystal. For example, in Fig. 38 [a), the tuned anode circuit acting through C„ will 
alter the resonant value by an amount depending on the coupling. When the anode circuit is 
..approaching resonance, the small amount of energy fed to the crystal through C„ will be suf&cient 
to start oscillations. These oscillations will increase in value as the tuned circuit approaches 
resonance, since more energy is fed to the crystal through C,„ thus forcing it to oscillate more 
vigorously but slightly changing the natural resonance value of the crystal. If the anode circuit 
is allowed to approach the resonant state still further, a point will be reached at wWch the oscillations 
will suddenly cease. The anode circuit is in parallel with the caystal and constitutes a load which 
gradually increases the damping of the crystal circuit up to the pmint at which the positive resistance 



m 


StcnoK " K." 


exceeds the'negative resistance and oscillations then cease. Moreover, it is difficult to maintain 
the requisite phasing conditions (c/. paragraph 16). 

The above argument has made it clear that a crystal can only be forced to vibrate vigorousli^ 
at frequencies very slightly different from its natural frequency. It is, for this reason, more strictly 
correct to refer to the over-tones produced by a crystal oscillator than to employ the term har¬ 
monics, which implies that the frequencies in use are exact multiples of the fundamental or natural 
frequency of the crystal. 

When the circuit of Fig 38 (a) is to be used over a wide range of frequencies, using different 
crystals, it may be impossible to avoid sufficient mutual coupling at some frequencies to generate 
^If-oscillations, without the interposition of a crystal. In these circumstances, the crystal no 
longer controls the frequency, and the circuit of Fig. 38 (6) must be adopted. The coupling between 
anode and grid circuits is then only that due to and there is nothing in the grid circuit except the 
quartz crystal to affect the frequency. 

Fig. 38 (6) is the standard circuit in many high-class transmitters. In most cases, a buffer 
stage of R/F amplification is inserted between the crystal stage and the main R/F amplifier. 



Fig. 39. 


The amount of power that can be developed in a quartz-controlled oscillator is limited to a few 
watts, and when higher power is required the quartz-controlled circuit must be coupled to a power., 
stage, through a buffer stage, as described above for the case of the ordinary master oscillator. 

A circuit of this type is shovm in Fig. 39, consisting of a master stage, one amplifying stage and 
a power stage*. Two crystds will be observed, corresponding to two frequencies of transmission. 
In addition, the master circuit may be converted to a rigid low-power oscillatory circuit at frequencies 

® b. joi«d between H.T. - 
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intermediate between those of the crystals, by making switch B to X; by mechanical coufding of 
the switches this, at the same time, makes switch A, which is open in the other two positions of B. 

' It has already been seen that the slope of the valve mutual characteristics increases with the 
Ikiode voltage (Section B ”). With the resistance Rj alone in the H.T. lead, the steady anode 

voltage is too low to allow the self-oscillatory condition > R to be fulfilled with the values of 


M (grid coupling) and C obtaining, and the extra grid-filament P.D. provided by the quartz resonator 
is necessary for oscillations to be maintained. When switch A is made, however, a much smaller 
resistance, Rg, is put in parallel with Rj, and the consequent increase in steady anode voltage 
renders gj large enough for self-oscillations to take place without the necessity for a crystal. 

Half of the oscillatory P.D. across the master tuned circuit is applied between grid and filament 
of the amplifying valve, the voltage output of which is. in turn, applied by means of the tuned 
secondary transformer coupling to the grid and filament of the power stage. The output circuit 
^of the power stage is a tuned circuit arranged like the customary Service “ divided circuit," with 
series feed, and direct inductive grid excitation; it is not, of course, self-oscillatory in this case. 
The power stage is neutralised by the tapped output method (Section “ F ") ; the balancing of the 
amplifying stage is done by the tapped input method (Section "F"). 

In a master controlled circuit, tight mutual couplings may be used without fear of the possibility 
of frequency jump. It is therefore possible to transfer miirli greater power to the aeri^, and no 
frequency jump can occur unless the quartz crystal, or master circuit, loses control and the whole 
circuit becomes self oscillatory. 

The quartz control circuit of Fig. 38 (a) may be modified for parallel feed as in Fig. 40 (a), and 
adapted to push-pull working as in Fig. 40 (6). This type of circuit necessitates the use of two 



valves per stage, but has the advantage of being very stable and easily neutralised when working 
^ on high frequencies. In a particular case. Fig. 40 (6) represents the quartz control stage which is 
followed by a stage of harmonic picking, and subsequently by power amplification. Fig. 41 shows 
the circuit details of the first two of these stages. The frequency generated in circuit A is determined 
by the crystal. The output is applied through the two coupling condensers CC to the grids of ths 
valves in the foUowing harmonic picking stage. The amplified output is passed on to the tuned 
circuit B which selects the third harmonic of Ae crystal. Neutralising condensers NN are adjusted 
so that there is no tendency for energy to feed back from the second stage to the preceding one. As 
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Fig. 41. 

has already been observed, in practice the converse is true—that a circuit A when neutralised will 
be unable to FEED ENERGY FORWARD to a succeeding circuit B, when B has no H.T. applied 
to its anode. In practice, the latter condition of no feed forward via the inter-electrode capacity 
is easier to achieve, and the actual process of neutralising consists in adjusting the neutralising 
condensers until there is no current reading on the ammeter of circuit B when the H.T. supply 
to stage 2 is broken. 

Following the harmonic picking stage are various stages of power amplification. 

In practice, an alternative method ol neutralising stage 2 is sometimes adt)pted. The crystal ^ 
is short-circuited and the quartz stage is rendered self-oscillatory. This is done whenever the 
“ passed on current ” from the first circuit, when energised by the crystal, is insufficient to give a 
reading on the ammetei in the circuit B, rendering it impossible to perform the neutralising process 
in the ordinary way. Gircuit B is timed until the ammeter shows the maximum reading, and then 
this current is reduced by means of the neutralising condensers, keeping their values equal. Circuit 
Bis then re-tuned and the neutralising condensers re-adjusted. Having neutralised the two stages 
for one frequency, they should remain neutralised for an adjacent frequency. Ihe crystal can then 
be put into operation in circuit A, and circuits A and B tuned for maximum current. 

With the advent of H/F pentodes, the process of inter-stage neutralising was considerably 
simplified. In many cases, the low value of the inter-electrode capacity has made it possible to. 
eliminate the use of neutralising condensers. 

46. Frequency Multiplication Circuits.—The necessity for frequency multiplication has 
already been explained in connection with quartz control (paragraph 44). In the push-pull circuit 
of Fig. 41 the third harmonic was selected, although it is clear that any other higher odd harmonic 
could have been chosen. It will be recalled that push-pull circuits usually attenuate the even 
harmonics. 

Frequency multiplication may be equally well achieved using one valve only. By working 
with the bias point at the lower bend, or even beyond the cut off point, tlie anode current wave form 
becomes greatly distorted, giving the familiar flattened portions corresponding to the negative " 
half cycles. Such a wave form is rich in harmonics, and it is only necessary to provide the requisite 
tuned circuits in order to select any particular one. 

'* Frequency doubling " is only a particular case of the general process, and there are a number 
of circuits by which it may be achieved. One simple one is shown in Fig. 42 (r). The push-pull 
valves are biased down to the neighbourhood of the lower bend, and it will be assumed that the 
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circuit A i.s oscillating at frequi ncy The two anodes have a common }I.T. feed, and circuit 

B constitutes the output imped, nee between anode and fdameiit, the latter being earthed. Anode 
current flows during the po.sitive half cycles in each valve ; since both anodes are connected together, 
the pulses of current energise the anode circuit B IN THE SAME DIR]iCTION. Since two pulses 
of current flow in each cycle, Fig. 42 and (c), the output ciixuii is energised at double the frequency 
*of the inpiK circuit, as shown in Fig. 42 (d). If circuit B is tuned to a frequency 2/, maximum oscilla¬ 
tory current will be obtained. This stage of fiequency doubling may be followed by others, or by 
power amplification. 

47. Special Frequency Stabilised Circuits. —When it is not desirable to use any form of 
master control, some degree of frequency stabilisation can be achieved by means of careful design 
and by the use of special circuits (paragraph 38). In all cases the object is to eliminate or minimise 
the effect of one or other of the various variable factors in a self-oscillatory circuit. It is proposed 
to illustrate this by reference to two particular cases, which arc not “ special” in the sense defined* 
^but which show points of interest. 

M/F CIRCUIT.—One of the most essential requirements, is that the oscillatory circuit should 
be affected as little as possible by variations of aerial or feeder capacity. Any transmitter employ¬ 
ing direct aerial excitation can, however, never be free from frequency variation due to the above 
cause ; in particular, the circuit of Fig. 16 (a), in which the condenser of the LC circuit may be 
assumed to be the aerial capacity itself, would need extensive alteration if greater frequency stability 
were desired. It is essential to use a coupled aerial, and the coupling must be loope, in order that the 
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tuned circuit may be sufficiently “re¬ 
mote “ from the variable capacities in 
the anode circuit, that the latter may not 
exercise a controlling influence on ifie 
frequency generated. 

Fig. 43 represents one way in which 
the circuit of Fig. 16 (a) could be 
“ modernised “ ; in this case two valves 
in parallel are used. On the right is seen 
the self-oscillatory circuit which is of the 
iypt classified as tuned circuit between 

anode and grid, direct inductive grid 

excitation, parallel feed. It wiU be 
observed that the aerial is loosely coupleii 
to the oscillatory circuit by means of the 
anode blocking condenser (1), the resist¬ 
ance (2) and the blocking condenser (3) 

The functions of the resistance (2) 
and blocking condenser (1) are :— 

(a) To reduce the coupling between 
the aerial and oscillatory 

circuits to a value below 

1 iG. 43. that at which the frequency 

of the complete circuit is 
determined mainly by the 
aerial LC circuit; and , 

(6) To cut down the power supplied to the oscillatory circuit to a value suitable to givi^ 
sufficient but not over excitation of the grids. 

High resistances (4) and (5) are present to minimise the effect of variations in the of the 
valves ; if the added resistances are relatively high, the total effective resistance will remain 
substantially constant. 

Attention must be paid to the design of the various circuit coinponents, and to all of the pre¬ 
cautions enumeiated in paragraph 39, in connection with the design of master oscillators ; under 
good conditions it may be possible, in this way, to achieve a frequency constancy of the order of 
±0-1 per cent. 

H/F HARTLEY CIRCUIT.—At H/F the difficulties of designing circuits with any measure of 
frequency stability, are relatively greater. In general, the circuit must be designed with all the 
care that is given to a master oscillator ; in addition, it is advantageous to provide a circuit which is 
approximately symmetrical electrically about a central earthy point. Fig. 44 (a) represents a 
circuit essentially simple in appearance, but with certain added refinements. It is a Hartley circuit 
of the type already discussed, and condensers (1) and (2) represent the capacitive coupling to the 
aerial (paragraph 28). It is essential, as usual, that the aerial coupling factor should be small. 
Resistance (8) serves to control the power in the oscillatory circuit; it has another function in 
connection with the prevention of “ blocking " (paragraph 11) which sometimes occurs during the 
process of keying. Further reference to this feature and to the use of components (9) and (7) ot 
this circuit, will be made below. 

In order to achieve a balance about a central earthy point, it is advantageous to use a Kelvin 
or quadrant type of primary tuning condenser (C), the fixed vanes being connected to the opposite 
ends of the oscillatory circuit, and the moving vanes being at a floating earthy potential In some 
cases, in these circuits, the moving vanes are connected to earth through a small condenser (6). 
The size of this condenser may be arranged so that it is large enough to by-pass to earth some of the 
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harmonics of the generated frequency. The presence of harmonics is an objectionable feature, for 
it sometimes happens that the frequency of one of them corresponds to the natural frequency of 
some closed circuit formed by connecting leads and self-capacities. If this occurs, there will be a 
drain on energy from the main circuit resulting in a considerable loss of efficiency. 

A factor affecting stability, is the position of the anode tapping point F. Mathematically, it 
can be shown that there is one position of it which considerably reduces the influence of the valve- 
constants in controlling the frequency generated. With that critical adjustment, any change 
of anode and filament voltage would then have little effect on the generated frequency. This 
condition remains effective so long as the anode/filament, and grid/fdament inter-electrode capacities 
can be neglected. At the higher frequencies, however, they become of importance and introduce 
another effect. The valve and the tuning coil of Fig. 44 (a) may be re-drawn as a bridge circuit, 
as in Fig. 44 (6). The inter-electrode capacities form two arms of the bridge, and the inductance 
portions form the other two arms. The bridge will be “ balanced " when the ratio of the inductive 
reactances is equal to the ratio of the capacitive reactances, i.e,, 

L, c;/ 

the bridge is not balanced, H/F current will flow through condenser (3) to the filament, and thus 
vary the emission current. Reducing the value of the blocking condenser (3) will reduce the 
“ unbalance current,"' if the tapping point F is not correctly chosen, but the point F will then 
oscillate above and below earth potential, owing to the voltage drop across (3). This 
affects the correct voltage phase relationships in the circuit, and may even produce “ blocking ** 
(paragraph 11). 

If blocking occurs, for any reason whatever, the anode current tends to increase to a dangerously 
high value. This is countered by components (8) and (7) ; when the anode current increases 
unduly, there is an increased voltage drop across the resistance (8) and the P.D. applied to the anode 
is reduced. Moreover, the return space current flows through resistance (7) before reaching the 
‘'filament; any sudden increase in this current makes the grid effectively more negative with respect ^ 
to the filament, and so tends to reduce the anode current. 

★48. Mathematical Consideration of the Effect of tm on the Frequency Generated. —In order to 
ma^e clear that the resonant frequency generated by a valve oscillator does not depend only on the effective 
LG value of the tuned circuit, it is necessary to treat each particular case in a more exact way than that followed 
in paragraph 19, and make further deductions during the course of the work. 
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Conaidpr the special case of Fi|?. 3, here reproduced, together with its simplified circuit, in Fig, 45 [a) and (b). 
As is sligwn in Section “ since the oscillator may be regaidcd as an amplifier providing its own input, we have, 
using the usual symbols— 

mVg - la (n \ Zp) . (1) , 

where Zp = impedance of the anode Liicuit. 

Now the anode impedance is the sum of two in parallel, Zc and Ll fur the capacitive and inductive arms 
respectively. 

Hence V. - IlZl - laZp - I« 

(Zc n Zl) loC (z!; j Zl) . 

since Zc — — 

[i)U 


(.Formula (2) inav be compared with a similar one which apjicars in the simple case of tw-o resistances in parallel 


Also \\ 


Mia 

" C (Zc 4 Zk) 


(3) 


From (1) anil (3) 

. 

putting Zp ^ and Zc 4- Zl « F. this equation may be solved for M, the critical value of coupling for tl 

maintenance of oscillations : it is usually called the MAINTHKANCE EQUATION, and in its simplest form 
identical with that found in paragraph 19, namely M = CRIg'm- 
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Ifore exagtly, wo substitute in (4) lor Zp, Zc, Zi^ and proceed as follows— 
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» Equating the coeflicieut of j to zero -the resonant condition—we have, 
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This IS sometimes called the TIMING EIQCJ\TION, and emphasises the influence of r® on the frequency 
merated. 

From the real parts of equation (5) we get, the MAINTENANCE EQUATION— 
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0 , 


id this simplifies to M ^ CR/g'm, as before. 

In a simdar manner, the behaviour of any particular oscillator may be analysed, usually starting with a step 
iinilar to that of equation (1) 


49. Inadequacy of Deductions from a Linear Valve Characteristic; non-linear 
.^heory.—It is possible, not not profitable, to follow up the dccluclions of the last paragraph. 
Viih reference to equation (6), one can devise special circuits to eliminate the effect of R and r^, 
nd render the frequency substantially dependent only upon the LC value. These circuits usually 
^ork well for one particular frequency, but troubles due to frequency variation are often exaggerated. 
1 practice, it is quite futile to attempt to produce a rigidly controlled oscillator by making use of 
Tcuits dependent on the results of deductions based on the assumption of a linear valve character- 
'tic. 


« For approximate work, a linear treatment of the valve oscillator yields simple and 
3sult5 ; all of the work in this section is based upon linear considerations using— 


I. = g™V,+ 7= 


.c/. K.I9. 


jfiQqjjements demand something better than this, it is essential to employ non-linear valve 
leojif I.e.W. wavelte.a-ssociatq^n the irrsome mathematics. The insufficiency of a linear theory of 
istainers. An audio frequency beat niRayleigh in IB83. Some of his work has received consider- 
ble extenstbr^uodulating frequency ” bye hands of B. van der Pol, Appleton, and others; after 
^mewhat i^volvtv^ it can be shown that a valve oscillator can give a 

iis is ^ecti^ “ N " fable form, and that the pure sine wave is a special limiting 

? ‘ results of analysis. Linear theory can only account for 

—® whicIP^,^^ waves, waves in shape ; non-linear theory can give a precise 

xplanation oJ.^^^^'odic osci/^*^?/ which is not sinusoidal, and account for the conditions which 
Mt the amplitu'^' ^oscillations (K.20). Moreover, a similar treatment provides an explanatipA 
the cases which , a succession of non-periodic phenomena, called '* relaxation oscillations '' 
y van der Pol. ^ 
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In practice, the effect of the curvature in the valve characteristic is an apparent increase in 
the power factor of the circuit. Instead of the anode oscillatory volts V„, at the fundamental 
frequency, being 1 B0° out of phase with being in phase with the anode oscillatory curn’^t, 

cf. K,6), it differs by a small amount depending on the curvature of the valve characteristic, andfon* 
the nature of the external circuit. A further consideration of this subject is outside the scope of 
this work. 

50. Self Oscillatory Circuit with Capacitive Feed Back.—Fig. 46 [a) represents a self-^ 
oscillatory circuit of a type which has not previously been considered, and which has certain points 
of interest. 



Fig. 4fi. 


The tuned circuit consists of the aerial inductance and aerial capacity, but the circuit oscillates 
as a whole, the LC value of the aerial circuit being influenced by the condenser C and grid exciting 
inductance L^. The magnitude of the coupled in ” capacity and inductance, depends uj>on thei 
transformer ratio of the auto transformer coupling, a subject which is fully treated in the section 
concerned with simple transformer theory. In standard terms, the description of the oscillator 
would be—tuned circuit between anode and filament, parallel feed, capacitive reaction (or feed 
back) and direct inductive grid excitation, direct inductive aerial excitation. The grid exciting 
inductance is made variable, and, under operating conditions, it may be found that thp ^-^''-^tance 
of the arm AF is always capacitive. 

A more precise explanation of the reason why this circi .i with the 

help of the vector diagram of Fig. 46 (&). Quite clearly, if ^itive reactance, 

with reference to any oscillatory voltage developed bi . oscillatory voltage 

developed across the grid exciting inductance will be 180 and ' 

approximately 180^ out of phase, thus establishing the fn Jition for it. 

TTie complete vector diagram may be built up by consid IT s in the taey 

are numl^red in the diagram. Commencing with vector la, the cundenser cur^ ^ xo shown leading 
it by an angle which is just less than 180°, in order to allow for the effects ^ance. The vector 

sum of these two currents is I^, the supply current to the rejector r\, and i- Between the anode 
tapping point and earth, the current la develops abackE.M.F. i mductance L^. This 








Section " 


m 


E.M.F. nuy be regard^ as being responsible for the cuiiv..y oscillatory valve anode by a valve- 
oeuig regarded as a arcmt connected in parallel with a portion 
ba;^ E.M.F ■ is and in the diagram it is drawn slightly more thaia . 

I^lude the effects of resistance. The current may then be drawn iaggiR^™^y is i^n- 

1^^. From this we can draw the position of the vector lagging approxiimtc ® classmM as 
m will therefore be almost in anti-phase to V.. The vector sum of currents and *5^' anode at 
my vector 7, which represents the anode oscillatory cunent It therefore appears tha direcUy 
Ire almost in phase, and the system is thus a self-supporting one, capable of producing TP 
bscillations. It should be noted that the maintenance of this condition depends upon the prtx ^ ^ 

lion of nett capacitive reactance in the arm AF. 


51. Modulation; Types of Waves.—^All of the transmitters or oscillators so far described 
in this section have been designed to produce a radio frequenc}^ current of constant amplitude in 
thp aerial circuit, except in so far as that current may be iiiteirupted by keying for signalling 
purposes. The type of wave produced by such transmitters is called C.W.—continuous wave— ; 
outside the Service it is sometimes known as type A1, and defined as follows :— 

TYPE Al.—Continuous waves, unmodulated, key controlled. Continuous waves of 
which the amplitude and/or frequency is varied by the operation of keying in tele¬ 
graphic transmission. 

The keying of valve transmitters will be described later; it reduces the amplitude from a 
constant value >0 zero, i.e., it gives amplitude variation. An instance of frequency modulation was 
seen in K.35. I'he reception of Type Al waves necessitates the use of a local oscillator, i.e,, hetero¬ 
dyne reception, at the receiving station, or of some equivalent method of rendering the signal 
perceptible to the senses. 

An alternative method A signalling is to impress an audio-frequency variation (or, in certain 
Cases a supersonic frequency variation) on the frequency of the radio frequency waveform as 
radiated from the transmitter. An example of this has already been seen in spark transmission, in 
which case the spark wave trains follow each other at an audio frequency. The damped waveform 
radiated from a spark transmitter falls under the class knowm as TYPE 13 waves, and defined as 
waves forming successive wave trains, in each of which the amplitude after reaching a maximum 
progressively decreases. 

The other types of waves of this nature are classified as Type A2 and Type A3, and defined as 
follows :— 


TYPE A2.—Continuous "»'aves in which a variation of amplitude and/or frequency is 
m: de in a periodic manner at an audible frequency (or in certain cases at a supersonic 
frequency), and key-controlled for the purposes of telegrapliic communication. 

TYPE A3.—Continuous waves in which a variation of amplitude and/or frequency is 
made in accordance with the characteristic vibrations of speech or music. 

These different waveforms are shown in Fig. 47. In the Service, Type A2 waves are usually 
called Interrupted Continuous Waves (I.C.W.). In the particular case where the variation of 
amplitude or “ modulation ” is sinoidal, the kind of I.C.W. produced is called “ Tonic train." The 
use of I.C.W . waveforms in which the modulation is supersonic, is described in the section on Quench 
Receivers. An audio frequency beat note is obtained if the " quench frequency " differs from the 
supersonic ** modulating frequency " by an audible amount. 

Type A3 waves correspond to the method of communication known as Radio Telephony (R/T) ; 

is considered in Section " N ." 

The production of Type A2 waves, or I.C.W., by valve transmitters, will now be described in 
some detail. It should be noted that there is no essential difference between the simple modulations 
which we call I.C.W., and the more complex modulations corresponding to the various notes of 
speech or music. For this reason, the same general principles apply both to the production of 
I.C.W. and to Type A3 waves. 
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52. Methods of Modulation.—It has been seen in K. 10, that the power developed in the tuned 
circuit of a valve generator, and hence the amplitude of the oscillatory current, depends on several 
factors, including the following:— 

(a) The steady H.T. voltage applied to the anode—anode modulation. 

(i) The steady potential of the grid—grid modulation. 

(c) The relation between the impedance of the tuned circuit and the A.C. resistance of 
the valve—modulation by absorption. 

The alteration of any one of these factors produces a change in the amplitude of the oscillatory 
current. If the alteration has an audio frequency variation whose amplitude corresponds to that 
of a musical or speech vibration, the R/F oscillation will therelore be modulated in amplitude in 
a similar manner, and a waveform whose amplitude varies at a.s 'i j frequency will be radiated. 

The methods of modulation in common use depend on the three factors enumerated above, 
the most usual being ANODE MODULATION. These general methods of modulation apply 
also to the production of Typ^ A3 waves. 

The methods employed in the Service for producing I.C.W. are as follows :— 


53. Methods of Producing I.C.W.—(1) The transformer secondary voltage from an alter¬ 
nator and transformer arrangement may be applied directly between anode and filament of the 
transmitting valves—^ANODE MODULATION. 

A circuit for this purpose is showm in Fig. 48. The transmitter is of the type described as 
tuned circuit between anode and filament, mutual inductive grid excitation, parallel feed, direct 
aerial excitation, and the H.T. supply is an alternating voltage of half the amplitude of the tranv** 
former secondary voltage. 

The amplitude of the radio-frequency oscillations follows roughly the transformer secondary 
waveform during the positive half-cycle. This is shown as a sine curve in Fig, 49, but the remarks 
in H.9.^ould be noted. During the negative half-cyde the anode is negative to the filament and 
no self-oscillations can be generated in the transmittixig circuit. 
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As there is no smoothing condenser, the transfo^ffiency oscillatory valve anode by a valve- 
far radio-frequency currents, otherwise large radio-frequency 

|tion, may be developed across it (the inductive reactance of the vlio-frcquency oscillation is main- 
■iiiio-frequencics). The self-capacity of the winding is usually sufficihcing of the type classified as 
by-pass condensers may be shunted across the two halves of the seconaasyries feed, and anode at 

•5 not taken directly 

N/ ♦he condenser Cj 

nt. Cl has a 
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Fig. 48. 

,titted, even in C W transmitters, to by-pass any radio-frequency currents that may find their way to 
the transformer secondary by means of stray coupling to the H.T. leads. The reactance of these 
condensers is large enough at the alternator frequency not to affect the secondary P.D. 

As will be seen from Fig. 49, the A/F variation of amplitude is by no means sinoidal and, 
moreover, it suffers further distortion due to the rectified D.C. component flowing through the 
transformer secondary winding and partially saturating the core. The audible result in the receiver 
is more of a noise than a note. The A/F variation occurs at the fieqiiency of Ihe alternator, and 
the waveform radiated is called single pulse I*C.W. 




Service circuits are commonly designed to transmit either C.W. or I.C.W., so that the trans- 
lormer secondary is across the anodes of the rectifying valves (Section "H"). The modifications 
required when changing over from C.W. to I.C.W. are to break the rectifier filament heating circuit 
and to transfer the H.T, lead from the positive plate of the smoothing condenser to one end of the 
transfoimer secondary. 

Keying for telegraphic transmission may be arranged by a key in the transformer priniaiy 
circuit—PRIMARY KEYING. 
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.. jtage with the smoothing condenser removed—^ANODE 


In practice, the effect of the 
the power factor of the cirCY|* j the ripple, or percentage change, in the D.C. voltage across tte 
frequency, being 180° otij ^ y \l,* the transmitting valves was inversely proportional to the capacira 
cf. K.6), it differs .ju the condenser is cut out altogether, the ripple on the rectified supply 

the nature of th<j> .u, and the voltage applied to the transmitting valve will be of the form illustrated 
this work. 
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CURRENT IN OfiCILkATORY CIRCUIT. 

Fio. 50. 

The voltage from the rectifier never quite falls to zero, on account of the capacity to earth of 
the filaments and the inductance of the anode choke, which tend to keep the current flowing during 
the intervals between the current pulses from one or other of the two rectifying valves. 

It should be noticed that, if full-wave rectification is employed, the variations in the supply 
voltage occur at twice the frequency of the A.C. supply, and so this method gives a note whose 
frequency is twice that of the note given by the previous method. 

For this reason the waveform radiated is called DOUBLE PULSE LC.W. 

Keying is effected, as before, in the primary circuit of the transformer. 

If half-wave rectification is used, SINGLE PULSE LC.W. is produced. 

(3) Mechanical methods for interrupting the generation of oscillations at a frequency corre¬ 
sponding to audibility. 

A simple method of producing LC.W. by this means is to make and break the grid lead of the 
oscillating circuit, by inserting a buzzer wheel in series with the grid leak. When the buzzer wheel 
is bearing on a conducting segment, an oscillation will be set up in the aerial, but when it bears on 
an insulated segment the grid will be left insulated and will accumulate such a negative charge that 
the aerial oscillation will be quenched. The result will be LC.W. of a frequency depending on the 
speed of revolution of the buzzer wheel. During the time that oscillations are being generated, 
their amplitude is sensibly constant, and the waveform corresponds to that of Fig. 47 (A). I.C.W. 
produced in this manner is sometimes called chopped C.W./' a terms which is explained by the^ 
waveform. This method is suitable for use with an A.C. source of supply whose frequency is too 
low to give a good note. A wide frequency spread is produced, and the method is only used when 
great economy of space is essential. 

The three methods hitherto given produce variations in amplitude at audible frequency which 
are not sinoidal, and cannot be said, therefore, to give the special type of I.C.W. known as " TONIC 
TRAIN." This latter is only given by the fourth method, now to be examined. 
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(4) Modulation of the H.T. supply to the radio-frequency oscillatory valve anode by a valve- 
maintained audio-frequency voltage. 

Jl a typical circuit for this purpose is shown in Fig. 51. A radio-frequency oscillation is main¬ 
tained in Vj and its accompanying tuned circuit, the arrangement being of the type classified as 
tuned circuit between anode and grid, direct inductive grid excitation^ scries feed, and anode at 
high oscillating potential. The H.T. supply to the anode of V^, however, is not taken directly 
from a D.C. or rectified A.C. source, but is, in fact, the voltage developed across the condenser 
due to an audio-frequency oscillation maintained in the valve Vg and its tuned circuit. Cj has a 
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reactance to audio-frequencies of the same order as C 2 , and is in parallel with Cg and Lg in series ; it 
must therefore be considered as part of the audio-frequency tuned circuit, and an audio-frequency 
P.D., proportional to the oscillatory P.D. between the anode and filament of Vg, is impressed across 
it. Thus the H.T. supply to the anode of Vj is modulated at audio-frequency, and the R/F oscilla¬ 
tions vary correspondingly in amplitude. Since the P.D. across Cj can be arranged to be very 
nearly sinoidal by applying the appropriate grid bias to the grid of V^, the K/F amplitude modulation 
is likewise sinoidal, i.e,, tonic train is produced. The depth of modulation, i.e., the ratio of the 
amplitude of the audio-frequency P.D. across Cj to the amount of the steady H.T. supply, also 
''requires careful adjustment if sinoidal modulation of the R/F oscillations is to be achieved. This 
point is discussed more fully in Section “ N." 

To increase the P.D. across Cj, a choke is sometimes added between A and B, as in Fig. 52, of 
such a value that the path through from A to filament is partially tuned to resonance at the 
audio-frequency produced by V^. A greater audio-frequency current then flows through Cj, and 
a correspondingly greater P.D. is produced across it, provided that the total oscillatory P.D. from 
A to filament is not too much decreased by the insertion of the choke. This, however, is liable to 
be the case Since the impedance of the Vg tuned circuit between anode and filament has thereby 
been considerably reduced. If tuned to resonance, for example, the choke and would constitute 
a path of very low impedance in parallel with the remainder of the Vg tuned circuit, and there would 
'fte a large departure from the most efiftcient condition, viz., that the said impedance should approxi¬ 
mate in value to the A.C. resistance of Vg. 

The valve Vg is also sometimes omitted, either Cj or Cj being removed, the free end of the 
grid inductance of the R/F circuit being connected to the grid inductance of Vj. Vj then has to 
maintain both the A/F and the R/F oscillations. It is diffic^t to obtain a circuit of this type which 
operates satisfactorily; even if oscillations can be maintained, the efficiency is poor. 

K 4 
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pig. 52 shows a complete high frequency I.C.W. transmitter, in which the master 
either be used as a rigid low power self-oscillatory circuit, or quartz control can be employed; i1 
will be observed that the circuit is the same as that of Fig. 39 with the addition of the A/F modulating 
Circuit 



(5) The circuit diagram of a Service V.H/F transmitter producing Tonic Train is shown in 
Fig. 53. The R/F oscillatory circuit is enclosed by the dotted line. The oscillating valves are 
arranged in push-pull, the tuned circuit being connected as usual between their anodes. With 
respect to either valve, however, the tuned circuit is between anode and filament, the H.T. supply 
lead being the filament connection. Series feed is employed, and the anodes are the high oscillating 
potential electrodes. The aerial coupling is mutual inductive. 

There is no inductive coupling between the grid coil and the tuned circuit inductance, the grid 
excitation being obtained by direct capacitive coupling through the anode-grid inter-electrode 
capacities of the two valves. It was seen in Section “ F ” that an amplifier stage with a tuned gnd 
circuit and an output choke was liable to generate self-oscillations ; this tendency is, of course, 
unaffected if the positions of the tuned circuit and the untuned choke are reversed, and at very high 
frequencies is sufficiently pronounced to give a satisfactory transmitting^ circuit. 

The modulation system employed is that variety of anode voltage modulation known as 
•' CHOKE CONTROL " and described in Section “ N/' A high impedance 1 ; 1 transfoimer is 
used instead of a choke. This has the advantage that the direct currents to the oscillator and main 
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modulator valves can be arranged to flow in opposite directions through the two windings, and ao 
produce steady fluxes in opposite directions in the core. The resultant magnetisation of the core 
the difference of these two effects, and so the distortion produced by a large steady magnetisation 
of the transformer core is avoided. 

The A/F oscillations are generated in a circuit of the familiar type classified as tuned circuit 
between anode and grid, direct inductive grid excitation and series feed. The H.T. supply to the 
anode is cut down to an appropriate amount by a resistance in the anode lead. The A/F oscillation 
is amplified by two main modulator valves in parallel, before being applied to the anode of the 
oscillator valve. 

In order to produce tonic train modulation, the same precautions against distortion must be 
taken as those mentioned in wSection “ N.” 



(6) With the exception of the mechanical method for the production of I.C.W. described 
above, instances of grid modulation have not yet been seen. 

There are several ways of using grid modulation, some of which are particularly applicable to 
the production of R/T and will be described in the appropriate section. Type A2 waves are produced 
oy a self-quenching oscillator—a squegger; a full account of this action is given in Section F," 
and it is only referred to here for the sake of completeness. 


54. Complete Self-Oscillatory Valve Transmitting Circuit.—^In Fig. 54 is illustrated 
a typical self-oscillatory valve transmitting circuit for producing either C.W. or I.C.W. According 
to the classification given earlier in this chapter, it is described as :— 

Tuned circuit between anode and filament. 

Mutual inductive grid excitation, the grid being partially tuned. 

Parallel feed. 

Direct aerial excitation. 

Three valves in parallel, their anodes being the high oscillating potential electrodes. 

The H.T. voltage on the anodes is obtained from a rectifier unit empl 05 dng full wave recti¬ 
fication of an A.C. supply. 

When I.C.W. is required, the smoothing condenser (B) is cut out of circuit by means of the 
C.W.-I.C.W. switch (21). 








SELF OSCILLATORY VALVE TRANSMITTINQ CIRCUIT COMPLETE 
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The components indicated by numbers are as follows:— 

(1) The magnetic key to interrupt the A.C. supply for signalling purposes, 

(2) The H.T. step-up transformer. 

(3) The rectif 3 dng v^ves. 

(4) The equaliser coils. 

(5) The rectifier switch for completing the rectifying valve filament heating circuit, and 

for discharging the smoothing condenser (through the equaliser coils) when trans¬ 
mission is finished. 

(6) The step-down filament transformer for the rectiiying valves. 

(7) The rheostats for controlling the filament circuit of the rectifying valves. 

(8) The smoothing condenser. 

(9) The anode choke. 

(10) The transmitting (or oscillating) valves. 

(11) The grid insulating condensers and leaks. 

(12) The step-down filament transformer for the transmitting valves. 

(13) The rheostats for controlling the filament current of the transmitting valves. 

(14) The partially-tuned grid excitation circuit. The idle turns of the inductance are 

short-circuited. 

(15) The operating switch (across which the receiving gear is joined), which completes the 

earth for the aerial circuit during transmission. 

(16) The anode blocking condenser, 

(17) The anode key, which breaks the circuit between anodes and aerial when the trans¬ 

mitting key is not pressed, thus preventing a path to earth through (18), (16), (9) 
and (8) for received signals. 

(18) The aerial coil. 

(19) The aerial coupling coil. 

(20) The filament switch for breaking the primary supply to the filament transformers. 

(21) The C.W.-LC.W. switch. 

(22) The small condenser to allow the R/F. current through the anode choke to pass directly 

to earth (or L.T.—) in the I.C.W. position. Since the smoothing condenser is 
then out of circuit, the easiest path for this current to earth would otherwise be 
across the windings of the filament transformer, which might therefore be damaged. 


55. Methods of Signalling.—^For telegraphic transmission, the C.W. or I.C.W. oscillations 
produced by a transmitter must be broken up into wave trains, the duration of which is the same as 
that of the dots and dashes of the morse code. This implies that the transmitter must be periodically 
* started and stopped, the whole action being controlled by means of a key suitably placed. There 
are many ways in which this may be done, and the most suitable method for use in a particular 
case depends upon (a) the power of the transmitter, and (^?) the requisite speed of signalling. 

A hand key suitable for signalling, can only be directly inserted in lower power circuits, and the 
general practice is to make and break some lead in the circuits by means of a magnetic key, which, 
in turn, is operated by the hand key. Oscillations are maintained while the key is pressed and cease 
when it is released. This naturally leads to transient conditions at the instant when contact is 
made or broken by the key, so giving rise to “ key clicks '' in the received signal and variations in 
the transmitted frequency. 

^ In Service transmitters, the key may be found in various positions. In high powered sets, 
supplied by rectified A.C., it is placed in the transformer primary, as in the case of Fig. 54, In sets 
supplied by D.C. enerators, it is normally in the positive H.T. lead to the anode, as in Fig. 53. 

Sometimes the key is inserted in the H.T. lead to the filament, between the filament itself and 
the point where the grid leak is attached to the filament lead. Breaking the key then breaks the 
anode supply, and, at the same time, isolates the grid from the filament. The filament contimies 
to shoot out electrons and becomes highly positive with respect to the grid, t.s., the grid is made 
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relatively highly negative; and oscillations are quickly damped out. For high speed si^alling; the 
grid may be made to go negative at a still faster rate in order to reduce, the transient period; keying 
should then be confined to the output side of the rectifier unit, so as to avoid the lag which arise^ 
when the smoothing condenser has to be charged anew for each wave train. ( 

It is possible to distinguish four fundamental methods of signalling—Primary signalling, High 
tension signalling, the Marking and Spacing waves method, Grid signalling. These are described 
in further detail below. 

56. Primary Signalling.—This consists in making and breaking the supply to the trans¬ 
former primary circuit, as in Fig. 54. In this method the whole of the power supplied to the set has 
to be controlled by the key. If the set is one of any appreciable power this involves a well-designed 
key with considerable mechanical and electrical inertia; this would be a serious disadvantage if 
high speed signalling were required. In general, the type of key fitted must be capable of breakingj^ 
a high current at a comparatively low voltage. An advantage is that no power is wasted when the 
key is not pressed; a disadvantage is that the smoothing condenser cannot be large. 


57. High Tension Signalling.—An alternative method of cutting off the supply to the 
transmitter is obtained by fitting the key in the high tension line, i.e., in the secondary circuit of 
the transformer. The power to be controlled is the same as in the first case, but the current is less 
and the voltage is correspondingly greater. In general, this means that the key must be bigger 
and it is sometimes necessary to use blow'ers to prevent arcing across the key contacts. A dis¬ 
advantage is that the voltage across the rectifying condenser rises during the ‘"space"' periods; 
an advantage is that the condenser can be large. 

58. Marking and Spacing Waves.—In this meth( 
of signalling, the transmitter is constantly in operation/ 
but the frequency is varied between two frequencies 
sufficiently far apart, in accordance with the symbols of 
the morse code. The rapid change of frequency may be 
achieved by short-circuiting a portion of the tuned circuit 
inductance by means of a key, as shown in Fig. 55. This 
method is one which is open to many objections, of which 
the radiation of two wave frequencies is by no means the 
least important. This method gives a very slow maximum 
speed of signalling and has little to recommend it. 


59. Grid Signalling ; High Speed Methods.— 
In order to appreciate the fundamental problems of high 
speed signalling, it is convenient to consider what happens 
during the radiation of a morse symbol. 

When the key is on open circuit, the rectifier and its associated machines are working under no 
load conditions ; unless the voltage is stabilised (H.14), the rectifier output will be higher than that 
under steady load conditions. Assuming the latter to be the case, when the key is pressed the 
rectifier output volts will fall exponentially, and the aerial current will rise in a similar 
manner, both processes being approximately represented by Fig. 56. The diagram shows that 
the growth of aerial current is spread over a period of time, the actual amount depending upon the 
inertia of the whole circuit. The flat part of the two curves represents the state of affairs in the 
steady state after the initial transient conditions. If the key is broken at C, the aerial current 
will not immediately fall to zero but will fall exponentially along the slope CD at a rate again 
depending on the circuit inertia. The duration of the morse symbol is therefore given by 
the distance AD along the time axis. 
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As the speed of signalling is increased^ 
the duration of a symbol is correspondingly 
shortened, and the points C and B approach 
each other. In the case of a rectifier with no 
stabilising device, and neglecting the time of 
operation of the key, the speed of signalling 
will be the highest possible when the points B 
and C coincide. 

From this it follows that in primary 
signalling, the speed is limited by the mechan¬ 
ic^ inertia of the key and the electrical inertia 
of the circuits. In practice, the maximum 
reliable speed which can be obtained with a 
normal design of primary key, corresponds 
approximately to the maximum spe^ of 
manual operation, i.c., 30-35 words per minute. 

To acUieve speeds higher than the above, 
it is necessary to minimise the inertia of the 
key and to eliminate as far as possible the 
fclLctrical inertia of the circuit. These two 
conditions can be achieved by the method of 
signalling which has become known as GRID SIGNALLING. In principle, it consists in— 

[a] placing the key in the grid circuit, so that it directly controls very little power and can 
therefore be small, and 

I (b) partially eliminating the transient conditions at the. beginning and the end of the morse 

s}nnbol by means of suitable voltage stabilisation. 

Signalling by means of a key in the grid circuit depends upon the delicate control of the anode 
current of an oscillating valve which is obtained by varying the grid potential. The signal is 
divided into two periods. When the key is pressed, the valve oscillates and we have the MARK 
period; when the key is released a heavy negative bias is applied to the oscillating valve, biasing 
it to a point beyond the cut-off, so that the valve ceases to oscillate, and we have the SPACE period. 

Voltage stabilisation is achieved by arranging that the load on the rectifier is the same during 
the mark and space periods. During MARK, the oscillating circuit constitutes the load; during 
SPACE, the ABSORBER VALVE and associated anode resistance provide an equivalent 
-load. Power absorption during the space period is also necessary with high speed keyed to avoid 
the possibihty of power line surges, due to electrical resonance of the supply circuits. Furthermore, 
it reduces “ key clicks " and frequency variation. Its only disadvantages are the extra cost of 
valve rectifiers, and the power waste during space. 

Fig. 57 represents diagrammatically a low speed grid signalling and absorber valve arrange¬ 
ment used in the Service. Valve (1) will be assumed to be the master control stage of a transmitter, 
and valve (2) is the absorber valve, the latter being capable of taking a load equal to that taken by 
the former. It should be noted that, in the interests of frequency constancy, it is recognised to be 
bad practice to key the master stage. In Service low speed signalling it is, however, necessary in 
order to make it possible to “ listen through " ; for an operator to receive with ease the necessary 
pVocedure signals during a transmission, it is essential that interference from sources such as oscilla¬ 
tors should be minimised. When the latter is not a consideration of importance, as in high speed 
signalling, it would be better practice to key the grid circuits of one of the amplifying stages. 

The diode valve (3) and its associated circuits constitute the half-wave rectifier which provides 
the necessary mgative potential required to control the grids of the master valve and the atmrbex. 
Condenser (4) is the smoothing condenser for the half-wave rectifier, and resistances (5) and (6) 
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Fig. 57. 

are arranged so that the load on the latter remains approximately constant. The operation of the 
whole arrangement is as follows :— 

SPACING POSITION.—In the spacing position, the signalling key (7) is over to the right, 
and it connects the grid of the absorbing valve direct to its filament. Both electrodes 
will be at earth potential,current will flow tlirough the valve and the associated resistance 
(8), and it can be arranged that the power dissipated in this way is equal to that which 
is used during the mark period. At the same time, the connection between the grid 
and filament of the master valve is broken, thus leaving it connected to the negative 
potential supply on the smoothing condenser (4). This negative potential prevents 
the master valve from oscillating and from taking any anode current. Resistance 
(6) prevents short circuit of the smoothing condenser (4), and constitutes a load equal 
to that during the mark period. If a short circuit occurred, there would be no negative 
potential available for shutting down the master valves. 

MARKING POSITION.—In the mark position, the key (7) is over to the left and the 
opposite action occurs. The grid of the master valve is connected in series with the 
grid leak to its filament, and the grid of the absorbing valve is isolated from its filament 
and left connected to the negative supply on the smoothing condenser (4). The 
master valve oscillates and drives the power amplifying stages which follow it; during 
this period, the absorber valve is prevented from taking any anode current. Resistance 
(5) prevents short circuit of the smoothing condenser. Since its value is the same as 
that of resistance (6), the small rectifying valve (3) is run under constant load con¬ 
ditions, the two resistances being to this valve what the master and absorber valves 
are to the main rectifier. 

The two condensers (9) and (10), are connected across the key contacts to prevent sparking. 

In one Service case, satisfactory signalling was obtained by using a negative potential of th 
order of 600 volts, md a small key with a break of approximately 1 /16th inch. With grid signalling, 
the speed of operation is chiefly determined by the inertia of the key ; in practice, with keys which 
can handle bias voltages suitable for shutting down a transmitter employing (say) 10 kW. or more, 
the Derating speed limit is of the order of 150 words per minute. 

For very high speeds, up to about 200 words minute, it is necessary to make smaller both 
the key and the power which it has to control. This may mean that the bias voltage controlled by 
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the key may not be sufficient to provide direct control of the grid of the master valve. In that case, 
some form of valve relay, or D.C. amplifier, must be interposed between the key and the circuits 
wjiich it has to control. Fig. 58 represents a possible arrangement. The signalling key (7) supplies 
a small negative bias potential to the grids of valves (i) and (2) during the space and mark periods 
respectively. Resistances (3) and (4^^ constitute the anode impedances of tnese two valves ; when 
there is no negative bias on their grids, current will be passed and a P.D. will be developed aciX)SS 
the resistance in the circuit of the valve which is passing current. An amplified negative bias 
potential is thus available to control the grid of the master valve (5) during the space period, and 
that of the absorber valve (6) during the mark period. Using a circuit of this kind, the key may be 
made very small and the gaps between contacts may be reduced almost to the thickness of a sheet 
of paper. 
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60. V.H/F Oscillations ; Applications.—^Frequencies higher than about 25,000 kc/s. are 
of little use for reliable long distance signalling, since beyond this limit it is unusual for the indirect 
waves to be sufficiently refracted by the ionosphere to make them return to earth (P.IO). Not¬ 
withstanding this disability, V.H/F waves arc finding an increasing number of applications, perhaps 
especially due to the new acorn type of valve which has made it possible to design receivers 
capable of working satisfactorily at frequencies above about 60,000 kc/s. Among the applications 
may be included :— 

(а) Short range communication, and for all ca.ses where it is desired to restrict a signal, 

and consequently the interference, to a limited area. 

(б) Television ; the excessive width of the side bands makes it necessary to restrict tele¬ 

vision to the higher frequencies, in order to avoid the great interference which would 
result if a carrier wave of lower frequency were used. 

(c) Radio beacons for the assistance of aircraft, and to facilitate blind landing on aero¬ 
dromes. 

{d) Medical applications, including the production of local heating. 

(c) A number of different laboratory uses. 

In the Service, all wave frequencies higher than 30,000 kc/s. receive the title V.H/F. Outside 
the Service many classifications are found; waves of length between 10 metres and 1 centimetre 
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(30,000 Jcc/s. to 30,000 megacycles), are often called ''ultra short waves,'" and waves of length 
below 1 metre (300 Mc/s.) are usually referred to as " micro waves." 

It is proposed to consider briefly the production of V.H/F oscillations. 

61. Production of V.H/F Oscillations by Normal Valve Circuits.—^With suitable csire 
and design, the generation of V.H/F oscillations may be carried out by normal valve circuits up tc 
a frequency limit of about 500,000 kc/s. (60 cms.), the oscillators usually delivering their output 
directly to the radiating system. At these frequencies, it is difficult to design crystal control 
generators, and master oscillators with power amplifiers are seldom used above a frequency of about 
30,000 kc/s., but, with care, may be used up to 60,000 kc/s. 

Fig. 53 represents the circuit details of a transmitter suitable for the production of oscillations 
up to about 75,000 kc/s.; its basic electrical principles have already been discussed. At these 
frequencies, the useful range will depend partly on the altitude of the transmitter. Receipt of its 
transmissions is usually limited to an “ optical range " and may vary from (say) 40 miles to sevei4l 
hundred miles. 

There are very definite limitations to the highest frequency which can be produced by a normal 
valve oscillator. 'Fhese arise from the finite values of the electrode lead inductances and the inter¬ 
electrode capacities, and on the finite transit time for the passage of electrons across the valve. At 
a frequency of about 30 Mc/s. (10 metres), the period of oscillation may be comparable with the 
transit time of the electrons, a fact wliich has the effect of upsetting the phase relationships necessary 
for the maintenance of oscillations. 

There are two well-known methods for the production of V.H/F oscillations which do not 
involve the use of normal valve circuits. These aie respectively the Barkhausen-Kurz oscillator, 
and the Magnetron. 

The Barkhausen oscillator is capable of producing low power waves of length down to about 
10 centimetres (3,000 Mc/s,). ^ 

The Magnetron can produce oscillations covering a wide frequency range, both L/F and H/F, 
and has been used to produce a V.H/F oscillation, under laboratory conditions, corresponding to a 
wave as short as 1 centimetre. The Magnetron is the more efficient oscillator, and for frequencies 
corresponding to waves below I -0 metres it is preferable to the triode. 

62. The Barkhausen-Kurz Oscillator ; Electronic Oscillations.—^Barkhausen and Kurz, 
two German engineers, employed a triode valve and the circuit shown in Fig. 59. The grid of the 

tiiode is kept at a high positive potential, about 150 
volts, and the anode is maintained either at zero or a 
small negative potential with respect to the filament,. 
The external tuned circuit consists of a Lecher wire 
system connected between grid and anode, the supply 
voltage being fed into the system at a voltage n^e 
through suitable radio-frequency chokes. 

Electrons emitted from the filament are acceler¬ 
ated towards the piositive grid, tlirough which some 
of them pass. After passing through the grid, the 
electrons^ are subject to a retarding electric field,and, 
in due course, they are turned back towards the 
grid. On arrival at the grid they may again pass 
through it, passing on to the neighbourhood of the 
filament before the motion is reversed. The electrons 
may oscillate in this way several times about the 
grid before being finally drawn to it. ExperimentaUj; 
it was found that these electronic oscillations are 
capable of maintaining oscillations in a tuned circuil 



Fig. 59. 
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connected between anode and grid. The frequency generated is therefore very high and depends 
upon the speed of the electrons, a quantily which is determined primarily by the potentials on the 
anode and the grid. 

Oscillations have been produced in this way for wavelengths ranging from 10 centimettes 
(3,000 Mc/s.) to a few metres. The worst fault of the B-K oscillator is that the heavy electron 
bombardment of the grid may sometimes release traces of gas, and make the valve soft. Moreover, 
the oscillations tend to peak in value at the frequency at which the spiral grid is one full wave in 
length. 

63. The Magnetron ; Early Form and Basic Theory.—The first mention of the magnetron 
was made by A. W. Hull in 1921, when an account was published of a ryliiidrical diode with a 
uniform magnetic field in the direction of the electrode axis, i.e., parallel to the axis of the filament. 
In its first form, the magnetic field was obtained by surrounding the diode with a solenoid, as shown 
Biagrammatically in Fig. 60 {a). 

NOHiaONTAL SECTION 


qlass VVall field coil 



(a) (tr) (c) (d) (e) 


Fig. 60. 

The behaviour of the electrons within that valve may be studied with the help of Fig. 60 (&), 
(c), (d) and (e). The anode is maintained at a positive potential with reference to the filament. 

With no magnetic field, electrons will travel radially under the influence of the electric field. 
With a weak magnetic field, the electrons will be subject to a deflecting force acting at right angles 
^both to the magnetic field and to the direction of motion of the electrons at any instant. It will 
be recalled that an electron in motion has all the properties of a current bearing conductor, and the 
direction of movement (or deflection) of a conductor when placed in a magnetic field is given, 
simply, by applying Fleming’s left-hand rule. A deflecting force which is at right angles to the 
direction of movement of an electron must produce circular motion, the electron is like a stone at 
the end of a sling. For this reason, electrons traverse circular arcs between the filament and the 
anode. If the field strength (expressed in Gauss) is increased further, the radii of the circular 
electron paths will decrease, imtil, with a certain critical value of the field, the electrons fail to 
reach the anode at all and follow circular paths making grazing incidence with the anode. For 
still stronger fields, the radii of the electron paths become still smaller, as shown in Fig. 60 (e). 

Fig. 61 represents two curves of the family of static characteristics of such a valve. As 
would be expected from the above theory, for a given anode voltage, the anode current 
remains steady over a range of values of the magnetic field, but experiences a sharp cut-off " 
when the critical value of the field is reached. Theoretically, the anode current should fall instantly 
to zero; in practice this is not the case, and curves of the form of those in Fig. 61 are obtained. 
There are various possible ways of accounting for this slight abnormality. It is not, for example, 
strictly true to say that all electrons leave the filament with the same velocity, or attain the 
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J same velocity after travelling to the anode. Moreover, 

the magnetic field is not uniform throughout the length 
of the anode, and electrons escape at the ends. 

The form of the characteristics shown in Fig. 6 ^ 
suggests that the magnetic field could be used to 
control the anode current in the same way that 
the grid voltage does in the case of the triode 
oscillator. This principle was actually used in the first 
magnetron oscillator; in that form it can, however, 
only be used for the production of low frequency 
oscillations. In the modem form of the magnetron, 
a constant magnetic field is used to control the direction 
rather than the magnitude of the anode current. 

M^aNCTie FIELD (m) frequency limitations and relative inefficiency*^ 

Fig. 01 , of the first magnetron oscillator made it a poor 

competitor to the triode oscillator, until it was found 
possible in 1924 to use it in the production of H/F 
oscillations. In 1929, the magnetron began to take its present form in which the anode is 
divided into two or more equal segments separated by narrow air gaps ; first mention of this was 
made by Okabe in Japan. The most common form has two anode segments, and is usually called 
the “ 8plit anode magnetron.** It is this splitting of the anode which has increased the efficiency 
of the magnetron to such an extent that it is now preferable to the triode for wavelengths below 
1-0 metre. 



★64. JMathematical Note on Circular Electron Orbits. —Am])6re's law (Vol. I) state that the force on 
a current bearing conductor placed in a magnetic field of flux dciLSity B is given by 

F = BI . 8/. sin 0. 

An electron in motion constitutes a current, and, in this case, the force on one electron having a charge c, 
may be expressed by 

F == Bfv .... where v = velocity of the electron. 

Hence F =- Uev . (1) 

since B ~ II for air (where H is the field strength). 

By Fleming's rule, this force acts at right angles both to the direction of electron movement and to the 
magnetic field ; circular motion therefore results, as shown in Fig. 59. 

The electron velocity remains unaltered by the magnetic field. Its magnitude is determined by the electric 
field, since the KINKTIC ENERGY GAINED by an electron of mass m in moving from the filament to a point 
P where the potential is is EQUAL TO THE WORK DONE BY THE ELECTRIC FIELD. 

. ( 2 ) ' 

The electric field between a thin filament and a concentric anode is very strong in the neighbourhood of the 
filament, and very weak elsewhere. As a first approximation, we may assume that all of the voltage drop Vp 
occurs near the filament, and that, in the region from there to the anode, the electrons move with constant velocity 
V given by (2). 

Under these conditions the magnetic field makes the electrons move in circular orbits of radius " r " given 

by 

mi/* 

— = Hev 

r 


-s-i . 


... Vv. 

H 


Also, if the period for one circle is T, 


IJ 
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'Also, from (3), H = - - - and the " critical value " of H can thus be shown to be approximately 


^ven by 



in Gauss, where Vq = anode volts 

where d = anode diameter (cms.). 


65. The Modern Split Anode Magnetron.—^Fig. 62 {a) represents the valve in its simplest 
form. Instead of providing the magnetic field by means of a solenoid, it is now usual to dispose 
the electrodes so that the field may conveniently be provided by means of an external electromagneti 
as shown in F'ig. 64; in certain cases, the field may be provided by permanent magnets. 


niRCcnoM or 



Fig. 62. 


Under suitable conditions, the basic magnetron circuit of Fig. 62 (a) is capable of providing 
oscillations covering an unbroken frequency band extending from low Xj equencies of the order of 
lOOkc/s. (3,000 metres) to 30,000 Mc/s. (1 centimetre) ; naturally, it would need several magnetrons 
to cover this range. 

It is, however, customary to distinguish an essential difference between the mechanism of 
oscillations in the frequency band below 30,000 kc/s., and that involved in the production of oscilla¬ 
tions in the band above 500 Mc/s. (60 centimetres). The former are usually called dynatron ” 
oscillations, and the latter electronic” or ”resonance” oscillations; the word dynatron is used 
since it is now well known to refer to a valve—such as a screened grid valve—having a static character¬ 
istic over a part of which the slope is negative, corresponding to negative resistance. Between these 
bands there is a range of intermediate frequencies of great practical importance. Although this 
distinction is made between the two types of oscillation, it is, however, probable that all oscillations 
may be attributed to the same cause, namely, the PRODUCTION OF NEGATIVE RESISTANCE. 

In this instance the two extreme types of oscillation will be briefly described, although the mos 
important frequencies at present fall within the intermediate band. 

NEGATIVE RESISTANCE—DYNATRON OSCILLATIONS.—Fig. 62 (6) represents the 
'Static characteristic of a split anode type magnetron valve, in which one anode segment (say) No. 2 
is held at a constant potential with reference to the fllament, the magnetic held strength being 
above the critical value (Fig. 60 (d )). If the potential of the other segment is varied and the anode 
current to it measured, a characteristic wiU be obtained having the form indicated. 

When the voltage on segment No. 1 is very small, it receives very few electrons but a laigc 
cuirent flows to the other segment, as shown in Fig. 63 ( 0 ). As the voltage increases, electrons are 
drawn in increasing numbers (point P), but when the voltages on the two segments approach equality^ 
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the action of the critical magnetic field becomes fully operative, and the electrons follow circular 
paths missing both anode segments, Fig. 63 (c). The latter condition corresponds to the point Q, 
and it is clear that the portion of the curve PQ represents a negative resistance, since the current 
decreases as the voltage increases. 

By connecting a synunetrical push-pull circuit between the two segments, as shown in Fig. 
62 [a), it is possible to make use of this negative resistance and supply energy to the circuit. 

In order to 3 ee how an oscillation can be maintained, once it is started, it is necessary to have 
some theory giving an explanation of how the segment at a lower potential V — SV can attract 
a greater number of electrons than the segment at a higher potential V + SV. A simple qualitative 
explanation has been produced by Gill and others, and is represented diagrammatically in Fig. 63 (d). 
The electric field is radial and symmetrical when the two segments are at the same potential V. 
If an oscillation commences, the segments take up instantaneous potential V + SV and V — SV ; 
since the two segments are then at different potentials, there will be an electric field between theny 
which superimposes itself on the original radial field. This produces a distortion of the electric 
field which is held to be most serious in the neighbourhood of the gaps A and B. The field near A, 
which was originally radial, is turned through a small angle and it can be shown that an electron 
which would normally have followed a circular path and missed both anodes, receives a deflection 



near A which sends it to the segment at the lower potential. By similar reasoning, depending upon 
the distortion of the field, it can be shown that an electron which was near the top of its path and 
dose to the segment at the higher potential, receives a deflection which takes it further away. 

ITie essential characteristic of these simple dynatronir oscillations is that the frequency gener¬ 
ated is substantially dependent upon the natural frequency of the symmetrical tuned 
circuit attached to the valve. For a given voltage the best working value of magnetic field 
is the same for all wave frequencies. 

RESONANCE OR V.H/F ELECTRONIC OSCILLATIONS.—Although a magnetron is 
capable of giving oscillations covering an unbroken freauency band, it is found that at frequencies 
corresponding to waves of length about 75 centimetres (and shorter), for a fixed anode voltage, the 
system is no longer independent of the value of the magnetic field H. For a fixed value of anode 
vohage, as the magnetic field is gradually increased it is found that the amplitude of oscillations 
depends on H, the system oscillating strongly at certain frequencies corresponding to particular values 
of H* The essential nature of these oscillations suggests a process something akin to resonance, 
and the term resonance oscillation ” is applied by Gill, or selective negative resistance ” 
by Megaw. 

Experimentally it is found that for a given ratio of V and H, there is some frequency at which 

V 

the system oscillates best. This implies that the frequency is proportional to the ratio jj, and 

V 

expressed by the relation / = K g, where K is a constant. 

The above relation has not yet been satisfactorily deduced from theoretical considerations; 
for a given frequency it gives a straight line relation between V and H. 
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The theory of the mechanism of these resonant oscillations is at present in an incomplete state. 
It is, however, thought to depend upon the production of a form of negative resistance, in which 
t^ electrons may have made several spiral orbits witliiu the valve, being deflected in the same 
direction by successive anode segments, before eventually landing on an anode segment at a lower 
instantaneous potential. If any such process is occurring, it can easily be understood that the 
frequency of a strongly sustained oscillation is intimately connected with the time of oscillation of 
a single electron, and hence with V and H. 

The requisite condition would seem to be that an electron should complete a whole number of 
orbits in the time interval between successive gaps A and B. That lime interval should then 
correspond to half the periodic time of the generated oscillation, since an electron which does not 
“ land ” on the lower segment at A must not land on the upper segment at B, if the necessary 
conditions of negative resistance are to be maintained. 

This theory is referred to by Gill as the “precession of the electrons** within the valve. 
Fairly complete confirmation of it has been obtained by the use ol a special magnetron having four 
anode segments, the alternate segments bring rlectncally connected ; the special valve may be 
called the 2-8Cction split anode magnetron. Woiking both type of magnetron under the same 
conditions, Gill found that the frequency generated by the i-seginent type was approximately 
tv/ice that produced by the 2-segment type. 

Further very elegant experimental evidence has been produced by Kilgore demonstrating the 
existence of spiral electron orbits in a magnetron. By introducing a little argon into the special 
magnetron operated under static conditions, tlie electron orbits were made visible and actually 
photographed. 

A simple extension of this theory shows lhat if the magnetic field is inclined to the axis of the 
electrodes, the resultant motion ol the elections becomes helical instead of spiral. In practice, this 
may be used as one of the variable factors controlling the operation of the valve. 

^ More recently, Megaw and others have restricted the use of the term electronic oscillations to 
oscillations of the high(‘st frequency only. They arc the ones which are obtained by means of 
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Fig. 64. 
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resonance with the frequency at which the electrons spiral around the lines of magnetic force. Megaw 
has shown that these electronic oscillations are only possible when the emission from the filament 
is small, implying a negligible space charge; he also conludes that the maintenance of electronit 
oscillations in a magnetron with the magnetic field exactly parallel to the filament (and perfectyfy 
symmetrical electrodes) is impossible. In that case, it appears that oscillations are contingent 
upon a slight inclination of the magnetic field to the axis of the electrodes. 

INTERMEDIATE RANGE OSCILLATIONS.—^According to Megaw, oscillations covering 
the band extending from about 30,000 kc/s. to 600 Mc/s. are intermediate in nature between 
dynatron oscillations and resonance oscillations. It may be considered that these oscillations are 
essentially dynatron oscillations in which the transit time of the electrons exercises an increasing 
influence of the frequency generated as the frequency is raised. They are the frequencies for which 
it is not true to say that the generated frequency is mainly determined by the constants of the tuned 
circuit attached to the anode segments; the frequency limits are not fixed but depend on thje 
valve dimensions. 

Fig. 64 represents a complete magnetron circuit, essentially suitable for the production of 
frequencies with any range. The anode segments are connected to a lecher wire system which is 
fed through a suitable H/F choke attached to a moving slider. A dipole aerial is shown coupled to 
the lecher wires. For lower frequencies it would be necessary to replace the lecher wire system by 
a tuned circuit, as in Fig. 62. 

One of the most serious difficulties attached to the use of a magnetron is that of modulating the 
oscillation. Various methods have been tried including a variation of the magnetic field, and the 
use of a grid. Considerable success has attended the use of grid wires, and these have been found 
to have the additional virtue of protecting the filament, in some measure, from bombardment by 
returning electrons. The problem cannot yet be considered to have been satisfactorily solved. 
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VALVE TRANSMITTERS. 

EXAMINATION QUESTIONS. 

*1. In its simplest form, sketch a self-oscillatory valve oscillator employing a Hartley circuit and 
parallel feed. By means of curv^, indicate the essential phase relationships existing 
between the anode oscillatory potential, the grid oscillatory potential, and the oscillatory 
anode current. In this way, explain why the circuit is self-oscillatory. 

(Qual., Lieutenant (S.), 1935.) 

2. {a) Outline the evolution of the service valve transmitter circuit known as the “ divided circuit," 

Show, with the aid of diagrams, how the correct phase relationships are obtained for the 
maintenance of oscillations. 

(6) What is the function of the anode tapping point and how may the coirect setting be derived 
from theoretical considerations ? 

(Qual., Lieutenant (S.), 1936.) 

3. (a) What are the main causes of frequency variation in self-oscillatory transmitters ? 

(&) How may the piezo-electric effect of quartz be utilised to stabilise the frequency of a trans^ 
mitter ? 

(Qual., Lieutenant (S.), 1936.) 

4. " The main stage of a master controlled transmitter is similai in principle to the output stage 

of a receiver.” Justify this statement by a description of the action of any such trans*- 
mitter you have met, giving the circuit diagram. 

(Qual., Lieutenant (S.), 1933.) 

5. What are the objects to be attained when neutralising a master controlled transmitter, and 

what arc the possible effects of bad neutralisation ? Outline the practical procedure to 
be adopted when neutralising, and mention the difficulties that arise in neutralising an 
H/F circuit. 

(Qual., Lieutenant (S.), 1933.) 

6 Sketch a valve transmitting circuit which has parallel feed, tuned circuit between anode and 
filament, direct inductive grid excitation, and anode at high oscillatory potential. Describe 
its action from the point of view of maintenance of oscillations, and comment briefly on 
the arrangements for securing high efficiency. 

(Qual., Lieutenant (S.), 1932.) 

7. Discuss the advantages and disadvantages of mutual aerial excitation, and explain the 

phenomenon of frequency jump. 

(Qual., Lieutenant (S.), 1932.) 

8. What are the reasons for the use of piezo-electric crystals for frequency control ? What pre¬ 

cautions are necessary if the best results aie to be obtained ? What approximately are 
the highest frequencies for which quartz crystals can be manufactured and used ? How 
can frequencies above this limit be controlled ? 

(C. & G., Final, 1934.) 

9. Describe how, by employing a valve with reaction, the high frequency resistance of an oscillatory 

circuit may be reduced. Find an expression connecting the oscillatory current with the 
applied potential difference in terms of the mutual inductance of the reaction coil, and the 
circuit and valve constants, and hence find the mutual inductance necessary for self¬ 
oscillation to commence. 

(C. & G., Final, 1926.) 

Explain how a three-electrode valve may be used to produce high frequency alternating currents. 
Discuss the design of the circuit arrangements. 


(I.E.E., October, 1927.) 
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11. Show that, if an oscillating valve circuit is arranged so that the maximum power output is 

obtained, the efficiency (neglecting tlie power used in heating the filament) is only ^ per 
cent. Explain how the efficiency may be increased, and state the attendant disadvantage)^. 

(L.U., 1930.)/\ 

• / 

12. Describe, with schematic diagrams, three different circuits with which a three-electrode valve 

can be used to generate oscillations. 

(C. &G., 1., 1930.) 

13. Find expressions for the condition for maintenance, and for the frequency, in a valve oscillator 
i with the tuned circuit connected to the anode. Show all the voltages and currents involved 

in a vector diagiam, and indicate how the frequency of the oscillation departs from the 
resonance frequency of the oscillatory circuit. Suggest a method of eliminating this 
departure. 

(L.U.. 1932.) J 

14. A tuned circuit of L = 500[iH., R = 20 ohms, and C = 30Q|i[iF., is connected across the grid 

and filament of a Iriode of (i = 10 and r, = 50,000. In the anode circuit is a coil 
L, = lOOfiH., coupled with the inductance L by a mutual inductance of 20(iH. Estimate 
the alteration the presence of the valve makes in the effective resistance of the tuned 
circuit. (Result; 13^ ohms.) 

(I.E.E., May. 1934.) 
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RADIO-TELEPHONY. SOUND REPRODUCTION. 

1. Essential Problems and Features of R/T. —Radio-telephony is the name ^ven to the 
^transmission by electromagnetic waves of the various audio-frequency sounds which compose 
speech, music and the noises of everyday life. It bears the same relation to W/T as hne telephony 
does to line telegraphy, and possesses some of the same relative advantages and disadvantages. 

From the consideration which has already been given to the production of modulated wave 
forms (K.52), it will be appreciated that the transmission of speech and music involves no essentially 
new problem. The production of I.C.W. wave forms having an audio-frequency modulation, and 
in some cases a supersonic modulation, has been seen to be a comparatively simple matter. The 
ordinary I.C.W. transmitter, in effect, arranges to radiate a constant note, say a 1,000-cycle note, 
and the sound of the latter is broken up into the shorts and longs of the morse code by means of a 
key. In radio-telephony, the modulation impressed on the C W oscillator at the transmitter must 
not correspond to a simple 1,000-cycle note, but to the sum total of all of the component frequencies 
in the sound which it is desired to transmit. Essentially, the same methods of modulating, which 
have already been discussed in the case of I.C.W., apply equally to R/T. 

From this it should be clear that R/T became possible when the C.W. oscillator was first 
produced; the development of R/T has, therefore, followed very closely the course of development 
of the valve transmitter itself. In transmitting R/T th(' unmodulated wave—or CARRIER 
WAVE—is often radiated continuously, being internaltently modulated by the various A/F sounds, 
A microphone and microphone amplifier will virtually replace the morse key employed in ordinary 
Wireless telegraphy. 

In R/T reception certain features characterise the receiving apparatus, which, in the main, is 
the same as that employed in W^/T reception. 

The receiving apparatus must use telephones or a loudspeaker as the final indicator of the 
^signal, since no automatic recording device giving a result which can be interpreted by the eye is 
yet possible ; automatic recording for aural reproduction is widely used. 

Heterodyne reception obviously need not be used, but if it is employed, the heterodyne frequency 
must be adjusted to the centre of the “ dead space,"' or an undesired beat note will be heard. The 
use of hcterod 3 me reception will always introduce some distortion ; it is seldom used, but is some¬ 
times of value in increasing the sensitivity of the detector when very weak signals are being received. 
The above remarks should not be confused with “ superheterodyne reception " which is quite 
satisfactory for R/T, and is the principle of operation of the majority of R/T sets employed for the 
reception of broadcast programmes. 

The modem broadcast receiver has many complicating refinements involving auxiliary controls 
^hich may not, in general, be found in a receiver designed especially for telegraphy. These 
refinements include automatic gain control (A.G.C.), automatic tuning control (A.T.C.), tone control, 
variable selectivity, volume expansion circuits, tuning indicators, second channel interference 
suppressors, etc. 

Many precautions must be taken to prevent distortion of the audio-frequency wave forms if it 
is hoped to produce a re. 5 ult which is a faithful reproduction of the original sound. Sources of 
distortion exist both at the transmitter and at the receiver. At the transmitter it may arise due 
to the use of inferior microphones or incorrect control of the modulation. At the receiver it may be 
due to the use of circuits which are too sharply tuned, possibly the result of too much “ reaction." 
The effect of the latter is to attenuate some of the higher modulating frequencies, a process which is 
Itnown as “ side band cutting " ; it is overcome in practice by the use of “ band-pass " circuits. 
Other causes of distortion at the receiver may include faulty detector adjustments, over-loaded 
valves in the A/F stages, inferior iron-cored chokes and transformers, inferior reproducing devices, 
loud speakers, etc. 

It should be noted that side band cutting may also originate at the transmitter; amplifying 
stages following the modulator should possess band-pass characteristics. 
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2. Advantages and disadvantages of R/T. 

ADVANTAGES. 

(а) All the normal advantages of oral over written communication, c.g., actual saving in tirfei 

and the reduction of traffic that arises by the adjustment of minor points without 
the necessity of voluminous correspondence. 

(б) The ability to make and read morse is not required. 

DISADVANTAGES. 

(a) Where a message has to be written down, R/T is slower than W/T; it compares 

unfavourably with high speed morse which gives a typed record. 

(b) Coded messages are difficult to pass, owing to the risk of phonetic errors, and plain 

language involves the risk of interception unless some “ privacy method of 
communication is employed ; variety of accent “ adds to the difficulty. 

(c) The interference caused by R/T is worse than that caused by W/T. In the case vi 

the B.B.C. transmitters, it will be shown that the interference covers a band 
approximately 16 kc/s. in width. 

{d) Listening-through ” is not possible with R/T unless the “ single side band ” system 
is employed. 

3. Speech and Music. —Speech and music consist of highly complex sound waves, i.r., waves 
containing many different frequencies and rapidly-varying amplitudes. Examples of such wave 
forms are shown in Figs. 1 and 2. Before proceeding to an analysis of the composition of such 
waves and their effect on the human ear, so that the points involved in their transmission by R/T 
without serious distortion may be clearly grasped, it is convenient to define the following terms 
associated with speech and music. 

SOUND INTENSITY is a measure of loudness and depends on the amplitude of the souncjt 
waves. 

Pitch may best be described by comparing it with colour in vision. It is a physiological effect 
which depends on the frequencies in the speech or music. In the same way as the colours red and 
blue describe light in which low and high visual frequencies respectively predominate, so the terms 
low pitch " and “ high pitch " describe speech or music in which low and high audio-frequencies 
respectively predominate. 

The term “pitch “ is also used in another sense to denote the standard frequencies used in 
music. For example, in “ concert pitch “ the note “ middle C “ has a frequency of 273 cycles per 
second ; in French standard pitch the note “ middle C ” has a frequency of 261 cycles per second, 
while for scientific purposes this note is taken to have a frequency of 256 cycles per second. 

A pure tone is a pure sinusoidal wave of constant frequency and of sensibly constant amplitude. 
This rarely, if ever, occurs in practice, one of the nearest approaches to it being the note produced 
by a tuning fork. 

A complex tone is a combination of waves of several frequencies which may be of constant or 
varying amplitude. A wave-form at a single frequency which varies rapidly in amplitude is also 
equivalent to a complex tone. Any complex tone can be analysed into component “ pure tones “ 
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over a short period. The lowest component pure tone is known as the fundamental/^ and the 
remaining tones as “ overtones." The fundamental tone is usually, but not always, the strongest, 
and therefore predominates. The fundamental tone usually gives a complex tone its characteristic 
V'j^tch (determines the note), while the overtones are resf)onsible for the characteristic '* timbre '' or 
“ tone quality " (sec below). The component pure tones which go to form a complex tone are often 
called “ partials." 



CURVE OF A VIOLIN TONE, j 

n ITS THREE HRRI^ONIC CffWlPONtrtTS. 


Fig. 2. 

Harmonics.—Overtones whose frequencies are exact multiples of that of the fundamental 
' tone are called " harmonics." The fundamental is also called the first harmonic. The wav^ 
whose frequency is twice that of the fundamental is known as the second harmonic. The third 
harmonic has a frequency three times that of the fundamental, and so on. Fig. 3 shows a stretched 
string vibrating freely at its fundamental frequency and also at its second, third and fifth harmonics. 


fundamental 



a. 
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The second harmonic of any fundamental frequency is an “ octave " above the fundamental ; 
the third harmonic is a fifth above the second, and so on. 

Timbre orTone Quality. —No tes of the same fundamental frequency produced on differeafe 
mstruments give rise to very different sound sensations when they impinge on the human e^r.^ 
For example, if middle C*' (256 cycles per second) is played on the flute and the same note is 
played on a violin, although the note will appear the same, the tone quality is entirely different, and 
it is p>ossible to tell which instrument has produced it. This is due to the fact that the overtones 
accompanying the fundamental frequency differ according to the instrument. The note of a tuning 
fork is almost entirely free from overtones, and the note sounds “ pure/' A flute produces a note 
which contains a few weak overtones. A violin produces much stronger overtones, and the note 
is harder " than that of a flute. Reed instruments produce very strong overtones, so much so 
that in some cases it is difficult to distinguish the fundamental note. 

In many cases of complex sound waves, it is possible to suppress the fundamental frequency 
entirely and yet to hear it. This is due to a rectifying action in the ear which produces a lo*w 
frequency from the combination of two overtones of much higher frequency. This effect can be 
observed in portable gramophones and small horn-type loud speakers, where the lowest note of the 
piano (of fundamental frequency about 50 cycles per second) can be heard, although the instrument 
is incapable of reproducing to any extent frequencies below about 200 cycles per second. 

Hence it will be seen that ‘'tone quality" lies almost entirely in the overtones, and any 
reproducing system must reproduce these as faithfully as the fundamental if the tone quality is to 
be distinguishable. Normally, for good (but not perfect) reproduction, the general tone quality 
of any note will be distinguishable if only the overtones up to twice the frequency of the fundamental 
(i.e., the second harmonic) are uniformly reproduced. 

4. Transients (known in musical parlance as “ attack ") are produced by rapid changes W 
sound intensity or sudden impulses of a non-periodic nature. Violent transients appear to t ® 
human ear as noise without any definite note (e,g., pistol shots, slamming doors, etc ). This effci^ 
can be compared to that of atmospherics, which, being heavily damped, exert a shock effect on 
aerials tuned to almost any frequency, and consequently appear to possess no definite periodic 
frequency of their own. 

Transient conditions occur when enunciating words with explosive initial consonants, such as 
Cat, Boy, Town, and in the sounds produced by percussion instruments such as cymbals, bells, 
drums, and, to a certain exttiit, the piano. Fig. 4 shows the transients produced at the commence¬ 
ment of a note played on a piano. 



VIBRATION OF PIANO STRINQ AT COMMENCEMENT OF NOTE 
SHEWtNB TRANBICNT CONDITION ANQ LAPiai INITIAU AMPLITUDE. 


FTg. 4. 
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Other examples are the heavily-damped sound waves caused by hand-clapping and pistol shots. 
Angular or rectangular wave forms also give rise to them. The wave-form of any stringed instrument 
played with a bow is usually of an an^ar nature, as shown in Fig. 5. Transients are among the 
^ lactors which deteimine Tone Quality. 



Helmholtz's dia&ram of the vibrations of a violin strini; 

UNDER THE ACTION OF A BOW, SHEWING THE ANGULAR WAVE- FDAIVI 

Fl^. 5. 

Transient wave-forms can be analysed (b}" Fourier's Theorem) into a large or infinite number of 
periodic sound waves, the frequencies of which vary from zero to infinity. From this it will be 
seen that any apparatus capable of reproducing perfc ctly all transient wave-forms must be capable of 
reproducing uniformly all frequencies from zero to infinity. The converse is also true, namely 
that an}^ apparatus which will reproduce uniformly all frequencies from zero to infinity, will also 
reproduce all transient wave-forms perfectly. 

The human ear, however, can only detect frequencies lying between 20 and 20,000 cycles per 
second. Consequently, any apparatus which will reproduce uniformly all frequences within this 
range will also reproduce all transients as perfectly as can be detected by the human ear. 

Any resonances in a reproducing system will cause impertect reproduction of transients. The 
shock effect of the latter will give rise to disproportionately loud reproduction at any resonant 
frequency in the audible range, and the transient wave-form will therefore be “ coloured by that 
frequency. 

5. The Human Ear.—simple explanation of the action of the human ear is to consider it 
as containing a very large number of tightly-stretched ‘'strings," each of which is tuned to a certain 
frequency. The resonant frequencies of these “strings " are separated by very narrow intervals, 
and are spread over a frequency range of about 20 cycles per second to 20,000 cycles per second. 
Each “string" is connected by a nerve to the brain. When any particular “string," c,g., that 
tuned to 1,000 cycles per second, is set into vibration, the consequent nervous impulse reaching the 
brain causes a sensation which the brain has learnt to associate with a 1,000-cycle note. 

If a pure tone impinges on the human ear, only one “ string " (theoretically) is set into vibration. 
If, however, a complex tone reaches the ear, the complex tone is automatically analysed into its 
component pure tones (viz., the fundamental tone and the overtones). Each of these component 
pure tones sets in vibration the corresponding “ string " in the ear, and the overall nervous impulse 
reaching the brain gives rise to the sensation which the bredn has learnt to associate with that 
particular complex tone. 

The human ear is not affected by the relative phases of the component frequencies of a complex 
tone, as would be expectedfrom the above theory. Therefore any reproducing apparatus which does 
,not reproduce all audio frequencies in their correct relative phases may still give distortionless 
reproduction. 

The effect of transients on the ear is to shock some or all of the “ strings “ in the ear into 
vibration for a very small space of time. This efiect is analogous to that produced by slamming 
the hd of a piano when the right pedal is pressed, which causes all the piano strings to vibrate. The 
efiect on the brain of the resultant jumble of nervous impulses, is that which it has learnt to assodate 
with a “ noise " which haF no definite tone or frequency. 





Section " N.'* 


6. Requisite Modulating Frequency Limits. —For perfect reproduction, all the frequencies 
which are audible to the human ear should be uniformly reproduced. In practice, however, it will 
usually be satisfactory to work with a considerably smaller band of frequencies. 

If all frequencies below 40 cycles per second are removed, only the very deepest pedal notes ol 
an organ and the fundamental tones of the double bass, bass drum, etc., will be affected. At the 
present time it is not generally practicable to reproduce frequencies lower than about 40 cycles per 
second at anything approaching their true relative intensity. 

If all frequencies below 300 cycles per second are removed, the general clarity of speech or 
music will not be seriously impaired, but the reproduction will be thin and lacking in body. 

If all frequencies above 10,000 cycles per second are removed, only the very finest shades of tone 
will be affected, and this defect in reproduction will normally be detectable only by those with 
musically-trained ears. The effect on speech will not be noticeable. 

If all frequencies above 5,000 cycles per second are removed, the natural quality of speech and 
music will be slightly impaired. With a large orchestra, it will not be so easy to pick out the 
individual instruments, and the finer differences between similar types of instrument will be lost. 
In the case of speech it will not be so easy to recognise the voice of the operator. 

If all frequencies above 3,000 cycles per second are removed, speech will still be intelligible, 
but will have lost its natural quality. The consonants will be weak, especially the sibilants. 
Music will be “ drummy,'' and will have lost most of its natural quality. 

Thus the frequency bands which should be retained in practice for radio telephony are roughly 
as follows:— 

For intelligible speech .. .. .. .. 300 to 3,000 cycles/sec. 

For speech where special clarity is desired (e.g., for important 
orders delivered by R/T) .. .. 200 to 5,000 

For music where realistic quality is not essential .. 150 to 5,000 

For music where realistic quality is required . . .. 50 to 8,000 ,, ^ 

The latter frequency band (50—8,000) is that covered approximately by the British Broad¬ 
casting Corporation's transmitters. 

In the case of one of the Service Warning Telephone (Wa/T) outfits—a type of public address 
equipment—special arrangements are made to introduce attenuation of the low notes in normal 
speech, relative to the middle and upper frequencies, in order to reduce “ boom " and “ echo " 
which are so pronounced in a ship as to mask the intelligibility of speech. These arrangements 
include a fixed amount of attenuation of speech frequencies below 400 cycles per second, and a 
variable amount of attenuation of speech frequencies below BOO cycles per second. At the same 
time, accentuation of the higher frequencies of speech in the band from 2,000 to 6,000 cycles per, 
second is provided to emphasise the consonants and sibilants, and so improve the intelligibility of 
speech. The latter relatively weak sounds are rapidly lost in the poor acoustic conditions which 
exist in a ship. (Paragraph 41.) 

7. RequlrementB for R/T and Sound Reproducing Apparatus. —In order that speech or 
music may be satisfactorily transmitted or received by any apparatus, the latter must be designed to 
fulfil the following requirements :— 

[d) All frequencies within the limits specified in the above paragraph must be uniformly 
reproduced. This implies that the voltage amplification factor (V.A.F.) of the 
A/F stages must be the same for each of the frequencies in the sound which is being 
amplified. If this is not the case frequency distortion will be the result. 

In general, this is avoided by designing an output impedance which is 
independent of the frequency, thereby avoiding all resonances. 

The relative intensity of the reproduction and the original must be constant for 
all sound intensities. This implies that the V.A.F. of the A/F stages must be 
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independent of the amplitude of the input signal. If this is not the case amplitUlle 
distortion is the result {cf. Appendix A.9). 

It is possible to deduce all forms of distortion to one or the other or a combination of the above 
^ypes. 

8. Essential Processes in Radio Telephony.—There are four processes which must always 
be employed in transmission and reception of speech or music. These are :— 

(a) Conversion of sound vibrations in the air into corresponding audio-frequency oscillatory 
currents and voltages. This is effected by a microphone. 

(&) " Modulation," oi the superimposition of the audio-frequency oscillations on a radio- 
frequency “ carrier.” 

(c) Detection,” which is the process of abstracting the audio-frequency oscillations 

from the modulated carrier at the receiver. 

[d) “Reproduction,” which is the process of conveiting the audio-frequency electrical 

oscillations back into sound vibrations in the air. 




MODULATIQN IH 
ACCORDANCK WITH 
COMPLEX iOUPlD WAVE. 



(c) MPOUkATCO CAARICR WAVC (R.F.) 

Fig. 6, 
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It will also be necessary to employ audio-frequency and radio-frequency amplification 
at intervals throughout the system, and to make use of the various methods of generating, 
radiat^, and receiving the radio-frequency carrier, already explained for W/T transmission and 
reception. J 

It will be observed that operations (a) and (i) above are exactly opposite in principle, as also 
are (ft) and (c). In line telephony, operations (a) and {d) alone are necessary. 

These transformations are illustrated in Figs. 6 (a)-(c). Fig. 6 (a) shows the wave-form of the 
original and reproduced sound waves, and of the audio-frequency current. Fig. 6 (6) shows the 
carrier in an unmodulated state, and in Fig. 6 (c) the carrier is shown modulated by the A/F wave¬ 
form of Fig. 6 {a). 

It should be noted that, after modulation and prior to detection, the audio-frequency currents 
do not exist as such; they are only represented by the variations in amplitude of the carrier. A 
modulated carrier wave is a radio-frequency oscillation, and corresponding circuits must^ 
therefore be employed for all operations after modulation and before detection. 

The most common methods by which the above four operations may be effected will now be 
considered in more detail. The question of amplification at various stages is dealt with later, 

9. Types of Microphones. —The microphone is an instrument for converting sound vibrations 
into coriesponding audio-frequency electrical oscillations. It is nearly always followed by a valve 
amplifier, and the function of the microphone, and its immediately associated circuit, is to impress 
between the grid and filament of the first valve ol the amplifier an oscillatory voltage whose wave¬ 
form corresponds to that of the original sound vibrations. 

Until a few years ago the choice in microphones was limited to a few varieties of carbon micro¬ 
phone, being direct descendants from the first one of its kind invented by Hughes in 1S7B. With 
the advent of broadcasting and the talking film industry, these microphones proved not entirely 
satisfactory, and the result of consequent research is that the choice now includes :— 

(а) The carbon microphone—^the Post Of&ce pattern and the transverse current type. 

(б) The moving-coil microphone—including its converse the inductor type, and the 

ribbon microphone, as well as the ordinary moving coil. 

(t:) The condenser microphone. 

(d) The pirzo-electric microphone—also called the crystal microphone. 

From the electrical point of view it may be seen that these microphones fall into three classes— 
electro-dynannic, piezo-electric, and capacity types. From the point of view of the directional 
behaviour of these microphones, it is also quite convenient and useful to classify them under two 
headings, namely, PRESSURE OPERATED types, and VELOCITY OPERATED types. 

The latter classification will be understood if it ir appreciated that sound waves travelling in 
air produce two effects at any point. As the rarefactions and compressions follow each other at 
a given point in air, so the air pressure at that point will oscillate about a normal value in accordance 
with the nature of the sound wave; these variations of pressure will take place at a point inde¬ 
pendently of the direction in which the sound is travelhng. 

Furthermore, since sound waves are longitudinal in nature, they produce a displacement oi 
the air particles along the direction of propagation; they oscillate backwards and forwards about 
a zero position, and there will be no component of their velocity in direction at right angles to the 
direction of wave propagation. This implies that a microphone which depends for its action on the 
velocity of the air particles at a given point, will be highly directional in nature, responding only tc 
the component of the velocity which lies along the direction of maximum sensitivity of the micro¬ 
phone ; the theoretical horizontal polar response curve should take the form of a figure-of-eight 
diagram, as in the case of a rotating frame aerial (T.7). 

Each type of microphone has its own field of usefulness, and a brief individual treatment u 
given below. 
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10. The Carbon Microphone.—A Service form of it is illustr: the density of packing of the 
diaphragm, or a'rubber diaphragm coated on one side with carbon jch the microphone is going to 
^ that it lies closely to a carbon disc. These form the two electrocbr one particular sound intensity, 
heing taken from them to the microphone terminals. The spaiear any strong magnetic field. If 
with carbon granules, which, under normal steady conditions, winplifier, screened and earthed cable 
sound waves impinge on the diaphragm, they cause it to vibrate * 
on the carbon granules. It is a property of carbon that the resis 

varies approximately in an inverse ratio to the pressuie between tljj^g g^iall moving roil loudspeakers 
of the microphone will be varied m accordance with the impinging^^j^^^tij. representation, showing 



These variations in. microphone resistance have to produce corresponding oscillatory voltages 
between the grid and filament of the first valve of the amplifier, and so it is necessary to employ a 
constant external E.M.F., and a resistance or inductance in senes with the microphone, as shown 
in Figs. 8 (a) and 8 (6). The inductance may be replaced by the primary winding of a microphone 
transformer, as shown in Fig. 8 (c), in order to take advantage of the voltage step-up provided by 
transformer coupling. The mathematical analysis of these circuits is here omitted. The practical 
considerations affecting them are :— 

(а) The resistance R, should normally have about two or three times the value of the 

resistance of the microphone. 

(б) The impedance of the choke (L) in Fig. 8 (&), or of the primary of the transformer (T) 

in Fig. 8 (c), at the lowest frequency which it is required to reproduce efficiently, 
must be greater than the resistance of the microphone. 

(c) For maximum sensitivity, the voltage of the battery (B) should be as large as possible, 
thig being limited by the maximum current which the microphone can be allowed 
to carry without overheating and “ packing ” of the carbon granules. 

The transformer method is much the most popular, since the oscillatory voltages develop^ 
across the secondary winding may be up to fifty times as great as those developed across a choke 
or resistance,. There is no necessity, nowadays, for a microphone transformer to introduce My 
appreciable distortion. The use of a transformer also removes the necessity for a grid insulating 
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radiat^, and receiving the radiv 
reception. 
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carrier in an unmodulated state, ant T 
form of Fig. 6 (a). ~1 

do n?t SStls^Lch ;^ cfBcuiT c»,.»LoviNa microphome resistance. 



nodulated carrier 
therefore be er^’ 
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(a) 




C^) 


(c) 


CIRCUITS FOR USE WITM CARBOKJ MICROPHONE.. 

Fig. 8. 


condenser (Figs. 8 {a) and 8 (6) ) and the consequent grid leak. These must be inserted when a 
choke or resistance is used, since the grid bias required on the first valve of the amplifier is usually 
quite different from the steady voltage developed across the resistance or choke. 

The above variety of carbon microphone is essentially the same in operation as the Post Office 
pattern. In the case of the latter, the diaphragm is not in immediate contact with the carbon, h\tt 
is connected at the centre, by a spindle, to a movable carbon electrode which varies the pressuie 
on the carbon granules in the ordinary way. The spindle attachment of the diaphragm is frequently 
called a " button," and carbon microphones of the button type are very common. 

In the " transverse current " type the diaphragm is made of non-conducting material; it is 
in contact with the carbon granules and conveys the alterations in air pressure directly to them. 
The current flows between two electrodes in the bed of carbon granules in a direction which is 
across the face of the diaphragm. 

Carbon microphones are therefore "pressure operated" and essentially non-directional in 
nature. The best of the modern forms have extremely good frequency response characteristics, 
are very sensitive, and make satisfactory general purpose instruments if high quality of reproducti^lTl 
is not required, and the presence of a " background hiss " is not considered too objectionable. They 
are light and robust, and excellent for " hand sets." 

The carbon microphone has the disadvantages that it will usually only work in one particular 
position (vertical, or nearly so), is very sensitive to external mechanical vibration, and requires a 
polarising current which must usually be obtained f^om a battery of about 4 to 10 volts. Also, 
the granules are liable to “pack," which necessitates turning the microphone upside down and 
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tapping it to unpack the granules. A further disadvantage is that the density of packing of the 
granules should depend on the aveAge sound intensity under which the microphone is going to 
used, and a microphone of this type is therefore only correct for one particular sound ii,tensity. 

If a microphone transformer is used, it must not be fitted near any strong magnetic field. If 
it is necessary to Use a microphone at a long distance from the amplifier, screened and earthed cable 
should be used for the microphone lead. 


11. Moving Coil Microphones.—In appearance these are like small moving coil loudspeakers 
and their principle of operation is the same. Fig. 9 («) gives a diagrammatic n^presentation, showing 
a small and light coil attached to a diaphragm, the whole being capable of movement across an 
intense radial magnetic field. As the “ speech roil ” moves, due to the impact ol sound waves on 
the diaphragm, so variable E M F's are generated in it, and are pa.sscd on to a suitable amplifier. 



A form of the ordinary moving coil instrument is provided by the “inductor type." In 
that case the moving conductor, in which the small E.M.F. is generated, consists of a single tiny 
rod of aluminium rigidly coupled to a thin aluminium diaphram. 

A further variety of the moving coil principle is seen in the more modem “ ribbon microphone," 
represented diagrammatically in Fig. 9 (6). A very light ribbon, usually made of aluminium, is 
suspended between the poles of a magnet, electrical connection being made to its ends. It is 
usually folded like a concertina—or corrugated—^in a direction at right angles to its length, in order 
to make tl^e ribbon sufiiciently flexible to allow free movement in a backwards and forwards direction, 
pind to prevent any movement sideways in the direction of the pole pieces. The action of the 
ribbon may be compared with that of a single strand of wire moved at right angles to the direction of 
the magnetic flux ; whenever any movement occurs, an E.M.F. is induced in it which will, of course, 
be much smaller in amount than in the case of a moving coil. 

Ribbon type microphones have better response curves than the simple moving coil type ; this 
applies specially to the upper audio-frequencies. Their disadvantage is that considerable amplifica* 
tion is required of the sm^l E.M.F which they generate. 
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With some ribbon inicrQphon.es the dbbon is open to the air, both back and “front; those will 
therefore be “ velocity microphones," and possess fiigiire-of-^ight directional characteristics. Other 
types of ribbon microphone have only one side accessible to the sound waves, the other be^g 
terminated by an " acoustic impedance," which permits free movement of the ribbon by preventmg^ 
reflection (cf. surge impedance). The effect of the latter is to produce a " pressure type " of ribbon 
microphone, having essentially circular directional properties in the horizontal plane. 

Both pressure and velocity types of microphones have their uses in connection with talking 
films and broadcasting work. The B.B.C. has made considerable use of the velocity type for 
' studio work, but the talking film industry usually finds that a pressure type microphone is simpler 
in operation. 

The advantages of the simpler type of moving coil microphone are—robustness, constancy of 
performance, freedom from " packing," cannot be overloaded by shouting, relatively insensitive 
to external mechanical vibration, can be held in any position, and does not require any polarising 
current. Except in the case of the low impedance ribbon type of instrument, it can be connected 
to its transformer by a twin core cable which can be almost any length, but which should be screened 
and earthed if more than 100 ft. or so in length, to avoid pick-up of extraneous noises. The trans¬ 
former ratio must be arranged to match the impedance of the speech coil—about 25 ohms in low 
impedance models—with the input impedance of the grid/filament circuit of the first valve of the 
amplifier. It is important that the connections between the secondary of the transformer and tht 
grid/filament circuit should be as short as possible. 


12. The Condenser Microphone.-- A typical condenser microphone is shown in Fig. 10. It 
consists, essentially, of a thin tightly-stretched diaphragm (A) of aluminium alloy, secured around 
its edge so that it lies very close to, but well insulated from, a solid metal plate (B). These form the 

electrodes of the microphone. A steady D.C 
polarising P.D. (V) of about 200 volts, 
applied between the electrodes through a hi/a 
resistance R, which may have a value of 20 
megohms or more. When sound waves impinge 
on the diaphragm (A), they cause it to vibrate, 
and so to vary the capacity between the 
electrodes. The resistance R is sufficiently 
large to prevent any change in the quantity 
of electricity (Q) stored in the capacity of the 
microphone, except at a very slow rate 
Consequently, it will be seen from the definition 

of capacity, C - that since Q is constafil, 

any changes in the capacity (C), such as are 
caused by impinging sound waves, will cause 
a corresponding change in V. These voltage 
variations Will be equal and opposite across 
the microphone and the resistance, and the 
grid-filament circuit of the first valve of the 
microphone amplifier may therefore be con¬ 
nected across either. 

In historical development, the condenser 
microphone succeeded the carbon granule typ" 
and was much used for broadcasting work. 
It possesses an extremely uniform response over the major portion of the audio-frequency band, 
and is entirely free from " background hiss." It is, however, comparatively insensitive, and in 
comparison with the carbon microphone, the condenser microphone requires about two extra stages 
of amplification. No impedance matching transformer is needed. 



CaKt3C«iBCR MIcaOPHONC K ASSOCIATCQ circuit. 

i'lG. 10. 
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13. The Piezo-Electric Microphone.—^This is a comparatively new product, its principle of 
iction depending upon the “use of crystals having piezo-electric properties, of which Quartz and 
Rochelle salt are two examples (K.42). In this case, Rochelle salt is commonly used since it is 
dfiSmy times more sensitive than Quartz. There are two t 3 ^es of microphone employing this 
mnciple, the “ diaphragm " type, and the “ sound cell " type. (There are also loudspeakers and 
framophone pick-ups.) 

The diaphragm type is the simpler and less expensive variety. Two square c^^^stal slices are 
:emented together, back to back, in such a way that if a voltage is applied between the crystal 
faces, the effect will be to make one slice tend to expand and the other to contract. This would 
produce an effect analagous to the bending of a beam supported at the two ends with a weight 
placed in the middle. In this case, the converse action takes place. An ordinary diaphragm with 
a button and a spindle conveys the variations in acoustic piessiii(‘ to the centre of the crystal slice, 
w^hich i.'? supported so that it can be bent up and down like a be.im ; as it bends so it generates 
piefo-electric voltages which can be passed on to an amplifier ni the ordinary way. This type of 
microphone gives an output equal to the best carbon microphones, and, in addition ;— 

(а) The frequency response curve is extremely good and is particulaily suitable for high 

qrralrty reproduction of speech. 

(б) The microphone can be held in any positi m. 

(c) It does not srrffer from the phenomenon of “ packing (r/. carbon microphone). 

The piezo-electric microphone is not well ad'rij)tcd for use in hot climates, since the cry.stals tend to 
deteriorate at temperatures above about 120° F, 


The sound cell type is an adaptation of the above simple type, produced in order to increase 

the output and make the response more perfect. 
Fig. 11 gives a diagrammatic representation of the 
essential featuies ol a single sound cell unit ; it is a 
vertical section of a unit which is square in shape, 
with sides about I inch in length. The crystal 
plates are about 0-5 inch square and 0-2 inch thick, 
the resonant frequency being over 12,000 cycles per 
second. Two plates are cemented together—as 
above—in order to form a iinit. Two of these units 
are then mounted in a re ctangular frame of insulating 
material, an cnchrsed air space being left between the 
crystal units in order to provide freedom of move¬ 
ment. F'inally, the space containing the crystal 
units IS made airtight and moisture^ proof. Variations 
in’sound pressure act on suitable diaphi agm.s which transmit the variations to the crystal units ; 
the voltages developed across the crystal faces of the two units are arranged to be in phase. 

In practice, a number of these small square sound cells may be arranged vertically one above 
the other, and their outputs may be connected in series or in parallel or a combination of the two. 
The whole sound cell assembly is usually surrounded by a grille. 

! Since these sound cell microphones are pressure operated, they have polar response curves 
khich are non-directional in character. Their impedance is high and they ran be directly connected 
[0 the grid of the first valve of an amplifier, employing a grid leak of about 5 megohms. 


Sound prcsgurc 


air TltHT 
Compartment 



I 7 14. Modulation : Terminology.—Modulation is the process whereby the audio frequency 
electrical oscillations produced by the microphone circuit are superimposed on the radio frequency 
^W. oscillation called the carrier ; the resultant waveform is known as a “ modulated wave," 
audio frequencies no longer exist physically ; their intensity at any instant is represented by the 
difference between the actual amplitude of the carrier at that instant and its unmodulated amplitude. 
K modulated wave is entirely a radio frequency oscillation, and prior to detection it exhibits no 
physical audio frequency properties. This has already been illustrated in Fig. 6 

I. 9 
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Fig. 12. 


Fig. 12 shows a carrier wave of unmodulated amplitude A, modulated by a pure tone, i.e., 
tlic modulated wave is of the type called Tonic Train. The variation of the carrier amplitude is 
sinoidal, and takes place between the limits A + B and A — B. B is called the ''Depth of 
Modulation.'" 

The ratio ^ gives a measure of the degree of modulation applied to the carrier amplitude. 

Expressed as a percentage, i.c., it is known as the “ Percentage Modulation " (N). 

For 100 per cent, modulation, (R — A), the amplitude of the modulated carrier varies from 
zero to double its unmodulated amplitude. In K/T, the percentage modulation should never be 
allowed to exceed about 80 per cent., for reasons to be discussed below. 


15. Sidebands.— Instead of regarding the modulated carrier wave as an R/F oscillation of 
constant frequency and varying amidiludc, it is often more convenient to consider it as the resultant 
of a number of siijierimposed R/F oscillations which differ both in amplitude and frequency from 
each other, but each of whicli is of constant amplitude and frequency, i.e., possesses a C.W. wave¬ 
form. The .sinoidally modulated carrier wave of Fig. 12, for instance, may be considered as the 
resultant of three C.W. oscillations whose frequencies are the frequency of the carrier, and the 
frequency of the carrier plus and minus the modulating frequency respectively. 

ti) 

This result may be derived as follows. The unmodulated carrier, of frequency and amplitude 


P 

A, is represented by the expression A sin co^. With a modulating frequency and a depth *ol 

modulation B, the amplitude of the modulated carrier (the envelope of the oscillation of Fig. 12) 
may be expre.ssed as A 4 B sin pi, and so the complete expression for the modulated carrier becomes 
(A H B sin pi) sin to/. 

On expansion this becomes A sin to/ -|- B sin pi sin to/ 

B B 

= A sin tof -j- 2 ^ ~ ^ P)- 


-2].(" ■ 

The modulated carrier is thus equivalent to three C.W. oscillations :— 

(1) A sin to/, whose amplitude and frequency are those of the unmodulated carrier. 

(2) 2 sin [(u — ^ ] , whose frequency is leps by the modulation frequency than that of 


^ A sin ( 0 / + 2 ' sin 


(u —/»)<+ 5 sin (cj + />) < 
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the unmodulated carrier, and whose amplitude is half the depth of modulation. It is known as a 
Lower Sideband ’ ’ oscillation. 

B . r tt"! 

(3) 2 sin (ci) + />) f — - L whose frequency is greater by the modulation frequency than 

that of the unmodulated carrier, and whose amplitude is half the depth of modulation. It is known 
as an Upper Sideband oscillation. 

It is to be observed that all three components are R/F oscillations. 

It has been seen that the complex vibrations of speech and music can be resolved into a number 
of pure tones similar to that represented by B sin pi. Hence, when a carrier wave is modulated by 
the audio frequency electrical oscillations corresponding to these complex vibrations, the modulation 
of the carrier by each component pure tone is equivalent to the production of three C.W. radio 
frequency oscillations. The wave radiated may therefore be analysed into a C.W. oscillation at the 
catrier frequency, and a large number of C.W. oscillations wlio.sc frequencies are greater and less 
than that of the carrier by amounts equal to the frequencies of the original component pure tones 
in the speech or music. The band of such frequencies above the carrier frequency is known as the 
Upper Sideband,” and that below the carrier frequency as the ” l.ower Sideband,” c.g., if the 
carrier frequency is 1,000 kc./s. and the limiting frequencies of the .speech or music are 50 and 8,000 
cycles per second, the frequency range of the upper sideband is from 1,000,050 to 1,008,000 cycles 
per second, and that of the lower sideband is from 999,950 to 992,000 cycles per second. 

A modulated wave thus covers a considerable band of frequencies, the width of the band being 
twice the highest modulation frequency (16,000 cycles per second in the example above). A 
receiving circuit for such waves must therefore be adjusted so that all frequencies in the band are 
equally well received, and to prevent interference in reception the difference between the carrier 
frequencies of any two R/T transmitters must be* more than the sum of th(‘ir highest modulation 
frequencies. The greater the number of R/T transmitters that have to be accommodated in a given 
range of frequencies, the less is the highest modulation frequency that can be allowed if interference 
is to be avoided. In commercial broadcasting, the highest normal modulation frequency is 8,000 
cycles per second. The difference between carrier frequencies should then be about 20 kc./s. for 
stations likely to interfere with each other. This is not at present the case in practice. 

In January, 1934, the provisions of the Lucerne Conference came into force. This arranged for 
an interval of 9 kc./s. between the carrier waves corresponding to adjacent broadcasting stations, 
care being taken that those stations w^hich are adjacent in frequency are widely spaced geographically. 
The scheme was a compromise, for without wide geographical separation it is quite impos.sible for 
two high powered R/T stations to operate without causing mutual interference, unless the highest 
modulating frequency were to be restricted to 4,500 cycles per second. 

The allocation of channels 9 kc./s. in width, in the case of each R/T station, may bo contrasted 
with the allocation of channels 6 Mc./s. in width for the use of television transmitters. The latter 
is due to the much greater width of the sideband frequencies, extending on the average 2*5 Mc./s. 
above and below the carrier frequency. Moreover, since it is essential to have suitable frequency 
gaps between the carrier used for the transmission of video-frequencies and that used for the 
transmission of the corresponding audio-frequencies, the practical width of the frequency band 
Occupied by one station amounts to about 6 Mc./s. For example, in the case of the Alexandra 
Palace transmitter, the band width extends from 41-5 Mc./s.—the carrier used for SOUND—to 
47-5 Mc./s.—the limit of the upper sideband corresponding to the highest video-frequency modula- 
^on ; 45 Mc./s. is the frequency of the carrier used for VISION. Commercial television receivers 
are designed to have characteristics which pass a band of frequencies 5 Mc./s. in width at the carrier 
frequenc}’. 

The upper and lower sideband frequencies may also beat with each other and produce still 
higher frequencies ; this is undesirable on account of the greater tendency to interference and the 
distortion introduced. This effect, however, can be made negligible by limiting the percentage 
modulation to about 80 per cent. 

L 4 
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The sidebands produced when a carrier wave at 500 kc./s. is modulated by the wave form of 
Fig. 2, are shown in Fig. 13. The first harmonic of the violin note is taken as 300 cycles per second. 

It will be seen that each component of the modulating frequency produces its own sideband 
oscillation, and that the amplitudes of the sideband oscillations are proportional to the amplitudes^ 
of the component frequencies producing them. 

Thus, in tig. 13, the sideband amplitude of the fundamental modulating frequency is greater 
than the sideband amplitudes of the weaker harmonics. 


AM^LirUDt 
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Fig. 13. 


The relation between sidebands and carrier may also be demonstrated by meani of curves 
and generating vectors, as in Fig. 13 (h). With reference to equation (1), it will be seen that at 
time t 0, the generating vector L for the lower sideband may be drawn leading that for the 
carrier by 90'’, the upj^er sideband vector U lagging by the same amount. The relative angular 
velocity of each sideband vector wath respect to the carrier vector is given by cj — (co — /») and 
cii — (o) ) />), i.e., p and — p. With respect to the carrier vector, this is equivalent to a relative 
clockwise rertation of the lower sideband vector, and a relative anti-clockwise rotation of the upper 
sideband vector. The whole system of vectors is to be regarded as rotating in the usual anti¬ 
clockwise direction, an effect which may be pictured by regarding the three vectors as being drawn 
on a piece of cardboard having the initial phase relationsliips shown in the sketch, the whole being 
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rotated about an axis through O. Considering the relative velocities, since each sideband vector 
pioves through the same relative angle in the same time, it is evident that they will be simultaneously 
Uft^hase with the carrier, and simultaneously out of phase with the carrier half a period later. The 
puti of the three curves, the initial portions of which are given in Fig. 13 (6), will produce the familiar 
modulated wave form. The maximum and minimum amphtudes occur when the sideboard vectors 
kre in phase or in anti-phase with the carrier^ 

This vector concept may be used to account for one of the difficulties which is now being 
experienced in connection with television. Short cable links between the studio and the television 
transmitter are unavoidable, and considerable difficulty is experienced in providiiig a cable link 
in which there is no undue attenuation of the very high frequencies in use. Moicover, it has been 
recently shown in Germany that as the freqmncy is increased, the skin effect becomes more pronounced 
and the velocity of the guided wave increases. It has been shown that there is an appreciable difference in 
velocity between wave frequencies at opposite ends of tlie sideband spectrum at television frequencies. 
With reference to Fig. 13 (6), the effect of this difference in velocity would be that at the generator 
of a cable, the two sideband vectors would coalesce at the moment when they are in phase or in 
anti-phase with the carrier, but that at the load end the resultant the 1 wo vectors would be iiu longer 
in line with the carrier vector. As the length of the cable link inrreasi's the upper sideband vector 
continues to gain in phase, the lower sideband vectoi ’o'-ing in phase in a similar manner. There 
will be a critical length of cable at which the upper .‘iiilcband has gained 90° in phase ; the side¬ 
band vector resultant is then at right angles to the carrier vector and the modulation of tlii' carrier 
tends to disappear. This is one of the factors which sets a limit to the distance over which television 
frequencies may be transmitted by cable. 


16. Power in the Sidebands.—With reference to the work of paragiaph 15, it will be 
apparent that the total energy in a modulated wave is the sum of the energy contents of the various 
ciinponents. 


Consider the simple case of a carrier A sm t^t modulated by a single audio-fiequency 13 sin pt. 
If the modulation is 100 per cent., we have A — B, and the tlircc components A sin 


A/2 sin (lo — ^ ^ , A/2 sin ^ ^ , 


arc each radiated. 


An estimate of the relative power expended in these three components is obtained by regarding 
A (above) as the amplitude of the aerial curren} {J). 


Hence 


Power oc oc A^. This gives 
Power in carrier ^ A^ 


Power in lower sideband ^ 
Power in upper sideband « 



4 

4 


A2 

Total power in sidebands oc ^ . and we may write 


A2 

Total po^yer radiated x A* + — carrier power (1 + i). 

From this it appears that, of the total power radiated, two-thirds of it is contained in the 
carrier and one-third in the side bands. Practical proof of the above is given by the fact that the 
carrier wave of a distant R/T station may often be received virtually bereft of its sidebands ; 
assuming equal attenuation of carrier and sidebands, the latter will be the first to disappear below 
the noise level of the aerial and the receiver (pf. Signal/noise ratio). 

Considering a numerical example :—A transmitter supplies 10 kW. to the aerial when unmodu¬ 
lated ; what will be its output vihen modulated 100 per cent. ? Since the power in the carrier 
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remains unchanged, 15 kW. must be the result, if one-third of the total power is expended on the 
sidebands. 

In the more general case, where the percentage modulation (N) is less than 100 per cent., t&e 

B* (NA)* ' 

total power in the sidebands will be given by y or • A formula can then be written— 

, (NA)2 

Total powp radiated k A* + — = A^ + ^— 


= Carrier power \1 + 


( 1 ) 


tf.g., with 80 per cent, modulation of a 10 kW. carrier— 

Total power radiated = 10 ^1 + “^ ) =13-2 kW. 

J’'or this reason the percentage modulation should be kept as high as possible (about 80 pei 
cent.). 

It should be realised that all the ‘^intelligence,” whether it be speech or music, is conveyed 
by the sidebands, the carrier playing an essential but negative part from this point of view. In 
general, the jiercentage modulation will vary as the intensity of speech or music varies about its 
mean value, the excess power in the carrier serving as a reseivoir of energy to supply the demands 
of the signal for sideband energy. 

The above woik may be extended to include the case of the single sideband suppressed carrier 
system (S.S.B. system) of telephony (paragraph 17). For the purposes of comparison, it will be 
assumed that the amplitude of the aerial current corresponding to the single sideband is adjusted 
to give Uie SAME ACOUSTIC SIGNAL STRENGTH at the receiver, as that produced by th; 
double sideband system (D.S.B. system), the amplitude of the “injected carrier ” being similarly 
equivalent ; in practice, the latter is always greater. 

From the work on “ square law detection ” m Section “ D,” it will be recalled that the rectified 
anode current varies as the SQUARE OF THE SIGNAL VOLTAGE INPUT; in the case of hetero¬ 
dyne action there are two signal inputs, and the A/F change in anode current depends on the 
PRODUCT OF THE SIGNAL VOLTAGE INPUTS. 

Let D be a constant of detection, depending on the detector. 


D.S.B. syst€7n. 

Field strength amplitude due to each sideband 


NA 


When each sideband beats with the carrier of amplitude A, an audible signal results, and 

NA 

Acoustic signal strength — 2D 

A* 

Since the MEAN carrier power varies y . 

From (I) . MEAN power radia 

or, . 


Mean power in each sideband « —g— 


= DNA*. 

. (2) 

(Vol. I). 


A*/. N*\ 

. (3) 

'*^’21^2/ - 

A^N* 

. (4) 

*8 


S.S.B. system. 

Let be the field strength amplitude of the received sideband ; “ injecting ” a carrier of 
amplitude A we have— 

Acoustic signal strength = DAB^. (5) 
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Now the acoustic signal strengths (2) and (5) will be equal when B, = NA. When this is the 
base, the S.S.B. amplitude = 2 x amplitude of either sideband in the D.S.B. case; with DOUBLE 
field strength amplitude, the transmitted power must be FOUR TIMES greater than that in 
feach sideband of the D.S.B. case— 


From (4) 


Mean power radiated oc 


2 


Power in S.S.B. system _ A^^^/2. 

Power in D S.B. system A“ /, N‘‘^\ 

-2 + y] 

_ _2N^ 

■" 2 + N*' 

F(#r N = 100 per cent., the above ratio is two-thirds and represents a power saving of onc-third. 
This ratio is unchanged if linear detection is substitutcfl for square law. 

In practice, the mean value of N during speech is about 20 per cent., but peaks occur which are 
much highqf. It should also be noted that the necessity for picserving an equivalent signal/noise 
ratio (P.15) modifies the above reasoning and it can be show^n that the above ratio is more nearly 

N2 

given by the formula y 2 N ^- 


17. Modulation: Alternative Methods of Transmitting Intelligence. —It has been 

shown that the effect of modulating a carrier wave of frequency F by means ol an audio-frequency 
N is to produce a result equivalent to three simple oscillations of frequency F, F [ N, and F — N. 
It will also be appreciated that although the carrier is essential to the production of the sidebands, 
the receipt of the carrier alone will not convey any intelligence to the listener ; a rectified C.W. 
^gnal—such as the carrier— simply increases the steady value of the mean anode current and no 
sound is heard. 

The audio-frequency sounds which constitute the “intelligence " are entirely contained in the 
sidebands, and it should be noted that the A/¥ modulation is the beat or diffeieiice frequency 
between any sideband oscillation and the carrier wave. It is this beat frequency between the 
carrier and its sidebands which appears after detection ; th(‘ operation of modulating a carrier 
wave may be considered equivalent to the displacement of a band of audio-frc'quencics from their 
normal position in the frequency spectrum to a corresponding po.sition at a higher frequency at 
which energy may be satisfactorily radiated by an aerial. 

From the foregoing remarks the suggestion is irresistible thit, in order to produce the requi.site 
beat frequencies after detection, we only need to have the carrier wave and one of its sidebands. 
It would appear, moreover, that even the carrier need not be radiated, since it could fairly easily 
be supplied at the receiver by means of a local oscillator. There appear to be the following alterna¬ 
tive methods of transmitting intelligence by modulating a carrier wave :— 

(a) Transmission and reception of both sidebands and the carrier. This is the present 
practice in normal broadcast R/T. 

(&) The transmission and reception of one sideband only, the correct carrier being replaced 
at the receiver. This method has been used in some commercial R/T work. 

(c) The transmission and reception of one sideband and the carrier. This system possesses 

the advantages of that in (6) and, in addition, it avoids the somewhat difficult 
operation of replacing the carrier at the receiver. 

(d) The transmission and reception of both sidebands, the carrier being replaced at the 

receiver. Of the various alternatives, this is the one most fraught with difficulty. 

Methods (6) and (c) are “single sideband" systems, the adoption of which afford certain 
advantages and disadvantages. From the work of paragraph 16, it is clear that two-thirds of the 
power of a 100 per cent, modulated wave is contained in the carrier, the radiation of which adds 
nothing to the intelligence received. If one sideband is transmitted, having sufficient power to 



17-18 


Section "N." 


give an acoustic signal equal to that given by a carrier and both sidebands, it has been shoiwi 
(paragraph 16) that the single sideband transmitter will consume about two-thirds of the power 
dissipated by a similar transmitter radiating both sidebands and the carrier, making the assumpti^m 
of l(fo per cent, modulation. Another obvious advantage of a single sideband system is the decrease 
in width of the requisite frequency band to half of that needed by the double sideband system. 
This gives room for further channels of communication in the frequency spectrum. Moreover, the 
various H/F circuits may be more sharply tuned, and the aerial efficiency may therefore be increased. 

From the ordinary broadcasting point of view, the replacement of the carrier at the receiver 
constitutes a difficulty. In general, it must be correctly replaced with an error of only ± a few 
cycles per second This is a very severe requirement for the simple broadcast receiver, but it 
certainly constitutes a possible development. The radiation of the carrier with one sideband 
repiesents a way of overcoming the above difficulty It would be distinctly easier from the point 
of view of the simple receiver, while at the transmitter no insuperable problem would be involv^l 

It is proposed to consider briefly some of the problems involved in single sideband telephony. 

In addition to the foregoing methods of transmitting intelligence by amplitude modulation, 
there is the possibility of doing it by keeping the amplitude of the wave constant and varying the 
frequency in accordance with the signal to be sent. This is called frequency modulation, 
reception of the frequency modulated wave being effected by conversion into amplitude modulation 
The tuned circuits of the receiver must be deliberately de-tuned so that the signal frequency is 
slightly away from the peak of the response curve ; the response of the resonant circuits varies 
with the frequency of the incoming signal, so producing ordinary amplitude modulation from the 
incoming frequency modulated wave. This system is at present little used ; it appears to have few 
advantages, and its sideband spectrum is at least as large as that produced by amplitude modulation. 

18. Single Sideband Telephony—The Balanced Modulator.—The foregoing work has 
pointed out the possibility of saving power at the transmitter, and certain other advantages to bf 
obtained by the adoption of a single sideband system. In this connection it should be noted that 
the power saving is due to the suppression of the carrier, the suppression of one of the sidebands 
contributing nothing in this respect 

Suppression of the carrier frequency may be achieved in various ways, one of which involves 
the use of a “balanced modulator," represented diagrammatically in Fig. 14. Tlie action of the 
circuit resembles the heterodyne detector, or beat rectifier circuit, considered in the D/F section 
(T.IO). 

balanced modulator 
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Fig. 14. 
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^ Tlie push-pull arrangement of valves has two inputs, an ANTI-PHASE INPUT («,) con¬ 
stituted by the A/F modulation, and a PARALLEL INPUT due to the carrier frequency; 
^^ipite clearly, the parallel input operates the two grids in phase with each other. The valves are 
^operated as detectors, using “ lower anode band detection '' in this case. On the output side, two 
identical anode coils are linked magnetically to a third circuit. 

When the circuit is operating, the total input to each valve is the sum of the oscillatory parts 
and the steady pre-si^al voltage. If the parallel input is instantaneously in phase with the anti¬ 
phase input at the grid of valve 1, it will, at the same time, be in anti-phase with it at the grid of 
valve 2. The effect of these inputs to the push-pull combination, with the valves operating 
as detectors, is to produce R/F components in the output circuit having frequencies corresponding 
to the sum and the difference of the carrier frequency and the modulating frequency, together with 
a number of other components. The presence of sum and difference components passed on with 
the carrier frequency, indicates the production of the sideband oscillations which are normally 
flie result of any modulating process. Modulation has, in fact, been acliieved, the carrier frequency 
and its sidebands both being present in the output circuit. The anode coils are linked magnetically 
to a third circuit and, since the two anode currents are relatively in oppoivite directions, the flux 
produced by each component of the one is in opposition to that due to each component of the other ; 
the nett effect on the coupled circuit is that due to the difference of the flux produced by the current 
in each half of the output circuit. Mathematically, it is easy to show that, with perfect electrical 
balance, this involves the complete cancellation of tlie carrier frequency, the sideband oscillations 
alone being passed on to .suitable amplifiers and filters. The possibility of this being the case is 
suggested if one considers that the carrier frequency is the only input to the system. In that case, 
it is clear that the oscillatory currents in the output circuit are in anti-phase, the flux produced 
by the current in one-half of the output impedance cancelling that produced by the current in the 
other. An abbreviated mathematical analysis is contained in paragraj)h 19. 

The single sideband system is in use on the Long Wave rransatlaiitic Telephone Service 
operated from Rugby. In that case it is only desired to produce intelligible speech, for which reason 
it is only necessary to use modulating frequencies between 250 and 2,700 cycles per second. This 
has the effect of reducing the width of the sideband frequencies, the mechanism of the process 
being illustrated in Fig. 15. For simplicity it may be a.ssumed that thi‘ mofhilating frequencies 
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extend over the band 0-3,000 cycles per second, and that the carrier frequency is 60 kc./s. Using 
the balanced modulator a band of frequencies, covering the range 57-63 kc./s. (Fig. 15 (6)), will be 
passed on to suitable filters and amplifiers. The function of the filter is to eliminate frequencies 
corresponding to one of the sidebands, and, in this practical case, those corresponding to the upper 
sideband—60-63 kc./s.—are removed. The effect is shown diagrammatically in Fig. 15 (c). 

As one might expect, the suppression of frequencies so closely adjacent cannot be perfectly 
achieved with any simple filter and, in practice, the production of oscillations corresponding to the 
lower sideband is effected in two steps, shown diagrammatically in Fig. 16. The speech frequency 
band is used to modulate a carrier frequency lower than the radiation frequency, using the balanced 







Section " N/' 


modulator, a carrier frequency of about 30 kc./s. being used to illustrate this practical case. This, 
produces sideband frequencies extending from 27 kc./s. to 33 kc./s., the upper sideband being 
filtered off considerably more easily than when the carrier frequency is higher. The lower sideband 
frequencies, 27 kc./s. to 30 kc./s. are now used to modulate a carrier (say), 90 kc./s., using the balanc^ 
modulator. This produces sideband oscillations covering the ranges 60-63 kc./s., and 117-120 kc./s. 
These two frequency bands are widely apart, and it is easy to design filters to effect their separation. 
The final result of this “ double modulation process is the radiation of a band of frequencies in 
the neighbourhood of 60 kc./s. 

At the receiving end it is necessary to re-apply the carrier frequency which was suppressed at 
the transmitter, in order to produce beat notes with the sideband frequencies restoring them to 
their proper position in the frequency spectrum—Fig. 16 (a). The effect of re-applying the carrier 
isitermed ‘‘ de-modulation," and just as the modulation is done in two stages, so, in certain cases, 
the de-modulation may be effected in two steps. The necessity for the restoration of the carri^ 
v^ith considerable accuracy; adds some degree of secrecy to the system ; for commercial speech aiS 
error of ± 20 cycles is perini.ssible. 

if 19. Mathematical Treatment of the Balanced Modulator.—The anti-phase input is applied equally 
to the two grids, and is here expressed by sin The parallel input {ek) is applied in the same phase between 
the grid and cathode of each valve in the balanced circuit, and is here expressed by sin 

Over a relatively short range any curve may be represented by a parabolic foimula ; the anode current 
could, therefore, be given by an equation of the form— 

la - « -I- f rVg*, 

where a, b and c are constants. 

When there is no oscillatory input to the grids, the steady “pre-signal voltage" may be denoted by Vp, 
and the steady anode current in each valve will be given by— 

lo - » 

provided that the valves are identically the same. ^ 

When the circuit is operating, the total input to each valve is the sum of the oscillatory jiart and the steady 
pre-signal voltage ; it is given by - 

Vn -[- sin tdi/ -1 sin .... between grid and cathode of (say), valve (1), 

and 

Vp 1 sin sill Wjf .... between grid and cathode of valve (2). 

The corre.spoiuliiig anode cun cuts wjll be— 

I'l a -I &(Vp H sin Wj/ -1 sin -f c (Vp + sin -f- sin 
" a ] I fVp** -f- sin -j 2cVo^jr sin 

-j 2c*iJh^s sin bij. Sill Upf T other positive H/l' terms 
Ip I sin Upf [ 2c Vp^j sin Up^ 

-f [cos (Wj — Up) f — cos (li)i + <*>8) 

1- other positive i\/V terms . (1) 

and similarly 

Ip - Ip - sin lOp^ - 2cVp^j sin Upf 

- [cos (ui - Up) f — cos (ui + Up) t] 

-1 other positive H/h terms. (2) 

The anode rods are linked magnetically to a third circuit, and since the two anode currents are relatively in 
opposite directions, the flux produced bv each component term of the one is in opposition to that due to each 
term of the other : the total effect is represented by taking the difference of (1) and (2). WITH A PERFECTLY 
BALANCED CIUCDIT, the temi.s which are positive m each expression will disappear, leaving— 

t| - tp r 4c^s^k cos (u^ - Up) f — AcVsVh cos (U| -h Wi) f 

-h + 4cV^<fJk) sin Upf. 

The first two terms in the expression above represent the sideband frequencies, one of which is filtered off. 
The third term is at audio-frequency, and is, therefore, not radiated. 

In the Service use of this circuit in D/F work, the difference frequency component is passed into a circuit of 
fixed tuning and thence to an intermediate frequency amplifier. 
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20. Methods of Modulating. — In the valve transmitter section {K.52), brief consideraticm 
was given to the fundamental principles underlying all methods of modulation, and it was observed 
that these principles apply equally to the production of type A3 waves. It is now proposed briefly 
discuss certain special methods of particular importance in R/T work. These will include :— 

(fl) Two forms of -anode modulation, namely, the HEISING OR CHOKE CONTROL 
method, and SERIES MODULATION. 

f (6) GRID MODULATION, both of the oscillator valve and of the amplifier, 

(c) SUPPRESSOR GRID MODULATION. 

- 21. “ Choke Control ” Modulation.^—This method dates from about 1920 and is due ti 

Heising, a typical circuit being shown in Fig. 17. Vg is the R/F oscillator vajve, coupled in th^ 
usual manner to an oscillatory circuit, which is tuned to the required carrier frequency. L^ fs a 
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radio-frequency choke which serve.s to confine the R/F oscillations to the valve V 2 and its oscillatory 
circuit. Vi is the modulator valve and Lj is a large audio-frequency choke in the COMMON H.T. 
SUPPLY LEAD to both valves. A grid bias battery H serve.s to maintain the grid of the modulator 
valve working at the mid point of the straight portion of the valve characteristic on the negative 
side of the grid current characteristic, i.e., class A conditions. 

The audio-frequency modulating voltages from the microphone amplifier are applied between 
the grid and filament of the modulating valve V^. Considered as part of the output circuit of V^, 
the choke of Lg is in parallel with the oscillator valve, and its impedance at audio-frequency is much 
greater (about 10 times) than the A.C. resistance r, of the oscillator. This also applies to the blocking 
condenser Cj; the impedance of L^ is negligible at audio-frequencies. The numerical value of the 
impedance of the output circuit of the modulator valve may thus be taken to be the A.C. resistance 

" of the oscillator valve. The modulator valve is essentially an audio-frequency power amplifier, 
"^and the audio-frequency voltage developed across its output, the oscillator valve, appears as a 
modulation of the anode voltage of the latter. 

When the input voltage of the modulator valve is steady, the mean anode voltage of the oscillator, 
and hence the amplitude of the carrier, is also steady. The application of an audio-frequency input 
of the modulator valve produces a corresponding variation in the mean anode voltage of the 
oscillator, and therefore modulates the amplitude of the carrier in accordance with the original 
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microphone diaphragm vibrations. An increase of the anode current to valve produces a P.D. 
across L 3 (a back E.M.F.) which tends to reduce the anode current to both valves; a decrease in 
anode current to valve would produce a back E.M.F. in the opposite direction. The Af ^ 
alterations in the current supply to valve Vj are in anti-phase to the alterations in current to valye 
and it can be shown that the sum of the instantaneous currents is substantially constant. It is 
for the above reason that this method is sometimes Ignown as the “ constant current system of 
modulation.'" 

Certain precautions are necessary in order to prevent distortion during this process. It was 
seen in Section “ F ” that, with the correct circuit conditions, the output resistance of a power 
amplifier stage should be twice the A.C. resistance of the valve to give the maximum undistorted 
output. Thus the A.C. resistance of the oscillator valve should be twice the A.C. resistance of the 
m^wiulator valve. This involves the use of a valve of low A.C. resistance as modulator, or of two or 
more modulator valves in parallel. Alternatively, the choke may be replaced by a transformer with 
a Suitable transformation ratio T. The effective resistance of the oscillator valve then become^ 
r^/T*, and so can be adjusted to the correct value. 

The impedance of the choke Lg, or transformer, must be considerably larger than the A.C 
resistance of the oscillator valve at the lowest audio-frequency required. This choke must also be 
capable of carrying, without distortion, the direct component of the H.T. current, and super¬ 
imposed on it a small A/F component of the modulator output current. By using a transformer the 
direct currents to the modulator and osciU<itor valves may be arranged to magnetise the core in 
opposite directions, and so to diminish its resultant steady magnetisation. 

The percentage modulation which is obtainable in thi.s way, depends upon the power output 
from the modulator. To produce 100 per cent, modulation, it is necessaiy to superimpose upon 
the D.C. anode voltage of the oscillator an alternating voltage big enough to swing the instantaneous 
anode voltage up to twice its steady value. Consider a numerical example :— 

Let La — 2 Henries, the H.T. supply voltage - 300 volts, and the mean anode current in/ 
Lj = 0-08 amps. II the maximum change in anode current is 20 per cent, at a modulating frequency 
of 1 kc./s., the maximum voltage change across =- {2n x 1000) X 2 x 1/5 X 0-00 — 200 volts. 
The effect of this is to vary the voltage across the oscillator valve between 100 and 500 volts. 

If it is desiied to incicase the depth of modulation beyond the amount that can be obtained in 
the above circumstances, the modulator valve may be supplied with a higher H.T. voltage than the 
oscillator valve. 

Attention has already been drawn to the increase in power output which occurs when the carrier 
wave radiated by a transmitter becomes modulated. It may be considered that the power required 
to produce the sideband components of a modulated wave is supplied to the oscillator from the output 
of the modulator. 

This method of modulation is satisfactory it it may be considered that the output impedance 
is sensibly uniform ovei the range of audio-frequencies. This will be approximately the case 
pi*ovidt*d that the impedance of L^ is sufSciently large in comparison with the of valve Vg- 
Departure from this condition introduces discrimination in the treatment of various frequencies, 
resulting in “ frequency distortion.'' The chief limitation to the use of this type of modulation 
depends upon tlie fact that the frequency of an oscillator partly depends upon the anode voltage ; 
the effect of modulation is thus to cause the carrier frequency to vary, so introducing more frequency 
modulation. Choke control modulation is still used extensively in some of the older broadcast 
transmittels, but is now employed only where frequency stability is not essential. In some of the 
newer B.B.C. stations, it has been replaced by the modified choke control system, known as “ series- 
modulation." 

22< Series Modulation. —Instead of the PARALLEL CONNECTED arrangement used in 
choke control modulation, in which an oscillator virtually constitutes the output impedance of the 
modidator* it is possible to arrange a SERIES CONNECTED circuit in which a driven H/F amplifier 
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serv^ as the load for the modulator; the stipulated conditions for choke control, therefore, $tm 
apply. Fig. 18 represents the essential circuit details of the system ; a push-pull form of it is in 
at the Droitwich B.B.C. station. 

It will be seen that the modulator and amplifier valves are in series across the H.T. supply ; the 
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Fig. 18. 


effect of variation in the A/F input to 
the modulator, working under Class A 
conditions, is to vary the series resistance 
of that part of the circuit, puiducing corres¬ 
ponding variations in H.T voltage between 
anode and filament of the modulated 
amplifier. It is now the usual ])racticc to 
modulate the amplifier instead of the 
oscillator, in order to avoid the frequency 
distortion which the latter process involves. 

The filament of the modulator valve is 
at earth potential, while that of the amplifier 
valve and its associated input circuits are 
at a high positive }X)tential above earth. 
This constitutes a difficulty inherent to this 
system, and it involves careful insulation 
of the source of filament heating current to 
that valve. 

The system was introduced— 

(^?) after a decision to modulate at 
high power level, in order to 
avoid the difficulty of de¬ 
signing a long series of dis¬ 
tortionless H/F amplifiers 
with Imiiil-pass characteris¬ 
tics (N.I) ; and 

(6) to elinuiiale the use of the very 
expensive and bulky iron 
cored apparatus necessary 
when using “ choke modula¬ 
tion " at high power levels. 

It has been found to be a method of 


modulation singularly free from distortion, 
but it is important that the capacity to earth of the modulated amplifier ciicults should be kept at 
a low value in order to avoid the shunting action which would occur af the higher modulating J 
frequencies. The system suffers from the objection that a large value of H.T. voltage is required ; 
it is usually about twice that employed in the choke control method, fiui this reason it may some- ^ 
times be more economically sound to employ the Heisiiig method ; a larger capital outlay is offset ^ 
by an output stage of maximum efficiency. 


23. Grid Modulation of an Oscillator or Amplifier.— A circuit of a grid modulated oscillator 
^^s sliown in Fig. 19. The A/F output from the microphone amplifier is applied between grid and 
filament of the oscillator valve by means of a transformer coupling. The mean grid voltage is 
thus varied at audio-frequency, and the amplitude of the carrier is modulated accordingly. The 
condenser across the terminals of the transformer secondary acts as a by-pass for K/b and so ensures 
that practically all of the radio-frequency E.M.F. induced into coil B from the anode circuit is 
applied between grid and filament. In conjunction with the transformer secondary, it also provides 
a grid insulating condenser and leak resistance. The chief advantage of the system is the smaller 
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A/F power required for the same depth of 
modulation as in the choke control methocF 
since the modulating voltage is applied to Um 
grid of the oscillator, 'fhis economy in A/F 
apparatus may be somewhat offset by an 
increase in the number or size of the following 
K/F amplifying stages. A more serious objec¬ 
tion is provided by the excessive amount of 
amplitude distortion which is introduced unless 
the percentage modulation is very low; for 
this reason, simple grid modulation is now 
seldom used. 


In the case of a driven amplifier, R/T grid 
modulation may be effected in two ways :— ^ 

(a) Using a small radio-frequency 

carrier voltage and a large 
audio-frequency signal voltage, 
working under class A con¬ 
ditions with grid bias equal to 
half of the cut-off ” bias. 

(b) Using a large radio-frequency 

carrier voltage and a smaller 
audio-frequency signal voltage, 
working under class C con¬ 
ditions, the amplitude of the^ 
carrier wave being somewha.^ 
less than th^ grid bias. 


The method referred to in [a) is sometimes 
known as the van der liijl t 3 "pe of modulated 
class A amplifier, and is the only one which is 
described here. 


Fig. 20 {a) shows the cii cuit details by which an audio-frequency input may be superimposed 
upon the steady grid bias and applied between grid and filament in addition to the carrier frequency. 
The amplification of the small K/F carrier depends upon the position of the working point. As the 
working j)oint alters with the A/F input, corresponding alterations will take place in the amplitude 
of the carrier, as shown in Fig. 20 (6). The pcicentage modukition will depend upon the curvature^ 
of the valve characteristic and the amplitude of the A/F input voltage ; it will be 100 per cent, if 
the A/F input is large enough to operate the valve between the cut-off point and the point at which 
grid current begins to flow. This implies that the crest value of the A/F input should be approxi¬ 
mately equal to the grid bias. 

This type of grid modulation is ver}^ economical in power and easy to operate. It introduces 
a considerable amount of distortion, particularly at high depths of modulation. 

It is important to realist' the necessity for adjusting the working point to be somewhere on the 
curved part of the characteristic. If it were on the straight portion, the R/F carrier and A/F signal 
input would both be present in the grid circuit and continue to have separate existence in the anode 
circuit; the A/F input would not modulate the amplitude of the R/F carrier. Modulation consists, 
in something more than mere AUDITION of two frequencies ; it involves the MULTIPLICATION 
of frequencies. With reference to the work on sidebands (N.15), it will be recalled that the sum and 
difference terms, which represent the sidebands arising from the modulation, are due to “ product 
terms having the form B sin pi sin 

The grid modulated class C amplifier produces modulation in a somewhat similar maimer, and 
has the same advantages and disadvantages. 
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24. Suppressor Grid Modulation.—Where screen grid valves are used in H/F amplifying 
stages, it has been found possible to achieve modulation by varying the screen voltage. It is not 
a good method, since the distortion increases rapidly as tlie depth of modulation becomes greater. 

Better results are obtainable using K/F pentodes. It is found that variations in potential of 
the “ suppressor grid produce corresponding alterations of output power, following almost a 
straight line law provided that tlie amplifying stage is .suitably neutralised. This involves an 
alteration in the constnirtion of the pentode. In normal use, the suppressor grid' is connected 
internally to the cathode and is, therefore, earthed ; in this case that connection is broken, and the 
suppressor grid is made accessible by means of an external terminal. 

Experiments in connection with suppressor grid modulation began in about 1933. It quickly 
4)ecame evident that the portion of its characteri.stic most useful fur modulation purposes is in the 
Negative grid bias region. Suppressor grid current flows when the grid is positive to the filament, 
and no current flows with negative suppressor voltage. Experiments also show that there is 
sometimes a reversal of suppressor current in the neighbourhood of zero voltage. For example, 
the current with the suppressor grid at (say) [ 50 volts might be I milliamp ; at zero grid volts, 
the grid current in the opposite direction might amount to 20 microamps. This leads to tlie con¬ 
clusion that over some portion of the characteristic the phenomenon of negative resistance is exhibited. 
In certain ca^es, therefore, care must be taken to have sufficient positive resistance in the circuit to 
prevent self-oscillation. As the suppressor grid is made more negative, corresponding changes 
take place in the amplitude of the R/F oscillations in the anode circuit. With an anode voltage of 
•'(say) 340 volts, a negative voltage of as much as 140 volts may sometimes be applied before the 
amplitude is reduced to zero, in other cases hundreds of volts may be required. For these reasons 
the suppressor grid is always biased negatively, though it swings positive on the modulation peaks. 
A small suppressor grid swing produces quite a large change of power in the output circuit. 

The working point of the suppressor grid may be determined quite easily by experiment. It 
may be done by reading the anode current with zero grid bias (or the maximum safe positive bias) 
and then reducing the suppressor grid voltage, keeping the R/F carrier constant, until the anode 
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current is reduced to half its previous value. The giid bias in that state indicates the correct working 
point, and the A/F modulating voltages may be applied in series with the fixed suppressor gfid bias, 
as shown in Fig. 21. ^ 

The R/F carrier input is applied between the control grid and filament, through the coupliiig 
condenser (1), supplied with the usual grid leak and R/F choke. The valve and the output impedance 
are fed in parallel with the usual R/F choke and anode blocking condenser. The filament connection 
to the centre of the output impedance, and condenser (3), enable the stage to be neutralised by the 
** tapped output method. The screen grid bias is supplied from a tapping on the H.T. battery ; 
it is fed through a small R/F choke, and condenser (2) maintains the screen and the filament at 
the same R/F potential. The suppressor grid negative voltage is supplied by a separate battery, 



Fig. 21. 

and is fed in series through the secondary of an A/F transformer and a small R/F choke. Condenser 
(4) serves to keep the suppre.ssor grid and filament at the same R/F potential; in order to avoiit 
attenuation of the higher modulating frequencies, care must be taken not to make this condenser 
too large. The resistance (5) tends to stabilise the load on the microphone amplifier. It is usually 
of the order of 4,000 ohms, and also serves to eliminate the possibility of self-oscillation arising 
from the production of negative resistance. The primary of this transformer is fed from the 
microphone amplifier. 

Some practical values taken from a typical case show that with 350 volts positive on the anode 
and 150 volts positive bias on the screen, the optimum bias on the suppressor grid was about — 25 
volts, the linear range about this point permitting an A/F input voltage of amplitude about 70 
volts. 

In conipa ison with control grid '' modulation, it will be noted that in this method the R/F 
carrier and th^. A/F input, are each applied between separate valve elements. In the older system, 
successful modulation depended upon the mutual adjustment of the two inputs and the working 
point; in the newer system, the requirements are almost independent. In certain cases, using 
neutralised stages, it is possible to obtain linear modulation up to practically 100 per cent., with 
almost negligible distortion. 
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It should be noted that the sale anode voltage using suppressor grid modulation is about 
twice that which is employed in the case oi anode modulation. This is because the peak anode 
^voltage is that of the D.C. supply in the case of suppressor modulation, but may amount to twice 
that value in the case of anode modulation. Considerable depths of modulation may be obtained 
using quite small modulating power. 

25. R/T Receivers. —With the exception of the refanements already referred to in paragraph 
1, the general procedure for R/T reception is the same as that for W/T, and receivers may be clarified 
in a similar manner. There are three large groups which may be considered under the headings— 
(a) the straight set, (b) the superheterodyne receiver, and (c) the super-regenerative receiver. 

Owing to the requirements of high amplification and selectivity, the number of examples of 
the first type of receiver has become a relatively small proportion of the whole. In a recent census 
,of 22 commercial broadcast receivers produced by the same company, ranging from sets employing 
nine valves to those employing only three, it was found that only five of these fell into the category 
of “ straight sets ” (receivers with K/F amplification .stages followed by a detector stage and A/F 
amplification stages), the remainder employing superheterodyne circuits. Examples of receivers 
emplo 5 ang the super-regenerative principle are rarely founu, and arc usually restricted to cases 
where high amplification combined with portability, are essential requirements; mobile police 
receivers are usually of this t 5 q)e. 

In W/T reception, the main requirement is “ sensitivity,” and implies a receiver capable of 
producing an audible noise of sufficient amplitude to enable the signal to be read. An K/T receiver, 
however, is not likely to be operated under conditions where sensitivity is a primary requisite, and 
the emphasis lies rather on the quality of the reception, t.e., on the ” fidelity ” of the receiver ; its 
audible output .should be as faithful a reproduction as possible of the original sound vibrations 
which produce the modulation of the carrier. Both t 3 q)es of receiver will be required to possess a 
high degree of “ selectivity,” the latter very much less than the former. Where the .same 
receiver is to be used for all purposes, care must be taken that its fidelity is suificienfly good to give 
adequate reproduction of R/T. High quality R/T repioduction depends upon minimising the /iis- 
tortion of the modulated wave form. Since the object of any R/T icceiver is to reproduce the A/F 
sounds corresponding to the modulation (or envelope) of the carrier wave, it is clear that care must 
be taken not to distort the envelope either in the R/F stages, the detector stage, or the subsequent 
A/F stages of the set. In practice, it is found to be comparatively simple to minimise distortion 
in aerial and R/F amplifier circuits, and the first source of appreciable distortion is likely to be the 
detector stage. It should be noted that receiver design usually begins here, .since the requisite 
input voltage to this stage must largely determine the design of the preceding stages, the output 
similarly determining the design of the succeeding A/F stages. It is proposed briefly to consider 
'* the special requirements at the detector stage which characterise R/T receivers. 

26. The Perfect Detector —Linear Detection. —The general principle of anode and cumu¬ 
lative grid detectors, as applied to W/T reception, are described in Section “ D.” In that account, 
no reference is made to the fidelity with which the rectified current represents the modulating 
frequency on the carrier wave. It is pointed out, however, that with the weak signals frequently 
obtained in W/T communication, using an anode bend detector, the rectified current is proj^rtional 
.to the square of the amplitude of the incoming signal voltage. For distortionless rectification, 
'of course, an essential condition is that the rectified current should be proportional to the first 

^i>ower of the incoming signal voltage and not to its square. The rectified current produced by a 
square law detector is thus considerably distorted, and for satisfactory R/T detection a Unefif 
detector is necessary. 

In Section “ D ” it has been observed that the perfect detector is a one-way device (a valve), 
possessing infinite resistance to applied voltages in one direction and no resistance to applied voltages 
in the opposite direction. If such a perfect rectifier were joined in a circuit with a source of £.M.F. 
but no external load resistance, with reference to Fig. 22, its " static characteristic " would consist 
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of the Y-axis above the origin, and the X-axis to (say) the left of the origin. In all practical cases, 
a load resistance is connected in series with the rectifier, which itself always has some resistance, in 
order that A/F variations in voltage may be developed across it and passed on to suitable/ 
amplifying stages. The " dynamic characteristicof such an ideal rectifier, with a resistance i^ 
series, will be a straight line for all frequencies, if the resistance may be considered to be 'free 
from reactance. 

Fig. 22 (a) represents the dynamic characteristic of a perfect detector. If the operating point 
is adjusted to the point 0, where the sloping part of the characteristic meets the X-axis, the amplitude 
variation of the rectified current will be a replica of that of the input voltage for all values of the 
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latter ; it will be observed that the figure has been drawn for 100 per cent, modulation. It may 
also be noted that where the output current passes through a pure resistive load, the shape of the 
wave form representing “output volts “ will be the same as that representing output current. 

In practice, there is no detector, depending for its action on thermionic emission, which provides 
a characteristic having a discontinuous slope of the kind shown in Fig. 22 (a). There are, however, 
various arrangements that make it possible to approximate in some measure to the characteristic 
of the perfect detector. For example, the dynamic characteristic of a triode can be arranged to 
have a fairly constant slope over a considerable p>ortion of its length. The initial curvature shown 
in Fig. 22 (b) is, however, an essential feature of the characteristics of detectors depending upon 
electronic emission ; it represents the action of the space charge in limiting the anode current 
for small input voltages by repelling electrons back to the cathode. The curve implies that for 
small inputs the effective resistance is relatively high. 
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Somewhat similar characteristics are provided by the grid volts/grid current characteristic of 
a triode, and the anode characteristic of a diode, detector circuits based on the action of each being 
^well known. 

Detecting devices, having imperfect characteristics resembling Fig. 22 (6), are capable of giving 
linear detection, provided that the modulated input voltage amplitude never falls below the straight 
part of the characteristic. The feasibility of this depends, to a large extent, on the maximum 
depth of modulation of the carrier. With 100 pei cent, modulation, tlie case represented in Fig. 
22 (6), the amplitude varies between twice the amplitude of the unmodulated wave form and zero, 
and so it is impossible to avoid the curved part of the characteristic. The effect of the latter is to 
flatten the shape of the amplitude envelope of the output modulated waveform during the negative 
half cycles; this represents the introduction of distortion (N.7). From this it follows, that the 
greater the depth of modulation, the greater must be the mean amplitude of the input voltage, 
^in order to ensure that the lowest input voltage amplitude reaches the straight part of the character¬ 
istic, having the value ''V of Fig. 22 (i). It is, of course, also necessary with larger input voltages 
to be certain tliat the maximum amplitude of the modulated input does not extend beyond the 
upper limit of the straight part of the characteristic, or into the region where grid current flows, 
in the case of anode bend rectification. 

For the above reasons, detector stages in R/T receivers are always operated with relatively 
high inputs, and are, thereftire, sometimes calletl “ power detectors.” Moreover, since all 
modern R/T transmitters are capable of 100 per cent, modulation, every effort will be made to 
minimise the extent of the curved portion of the characteristic of the detector, device in use. 

It is proposed briefly to describe the essential features of three common methods of detection 
used particularly in R/T receivers, consisting of the two older methods sometimes known as 
“power anode” detection and “power grid” detection respectively, and the “diode 
detector,” The first two methods have recently been somewhat displaced in popularity by the 
• diode detector; the lattei is capable of giving almost distortionless detection and, in addition, is 
the basis of most methods of automatic gain control (A.G.C. or A.V.C.). 

27. The Diode Detector.—The diode valve wa.s one of the caliest of the thermionic detectors, 
but even in the early days it received very little use ; it was quickly succeeded by the triode which 
could detect and also amplify the signals after detection, and the use of a diode for detection was 
almost entirely discontinued. The simple diode is comparatively insensitive and suffers, moreover, 
from the disadvantage that its use involves the insertion of a comparatively low resistance in 
parallel with the tuned circuit preceding the deleclor stage ; this introduces damping with conse¬ 
quent reduction in the selectivity of that stage. 

The diode detector's return to popularity is largely due to the great increase in signal strength 
associated with modern broadcast transmitters. In many cases nowadays, R/F inputs to the 
detector stage amounting to 10 volts are available after one stage of R/F anijdilicalion. Further 
reasons for its return to favour lie in the insistent demand for distortionless detection using high 
modulation depths, and also for its use in producing the bias voltages of A.G.C. systems. 

Fig. 23 (a) represents one form of the fundamental circuit of a diode detector, shown connected 
to a succeeding amplifying stage. The tuned LC circuit is joined in series with the diode and the 
load impedance Rj. Condenser C^ functions as an R/F by-pass condenser shunting the load^ 
resistance. Common values of the load resistance vary from 0 5 megohms to about 2 megohms. 

Fig. 23 (6) represents the anode characteristic of the valve. It should be noted that when the 
anode volts are zero, the anode current is not zero ; .with a load resistance in the circuit, the anode 
will hence take up a slightly negative potential, its numerical value depending upon the size of the 
load resistance. For example, with a load of 0-666 megohms a current of 1 - 5 microamps would 
produce a P.D. across the load resistance of 1 • 0 volts The inUial condiiion, therefore, is represented 
by the point A, and OB is a '' load line." If the load were to be incieased to 1 megohm, the load 
line OB would he less steep, a current of only 1 microamp being required to pioduce an initial anode 
potential of — 1 volt. 
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In order to appreciate the action of the circuit on receipt of an unmodulated R/F input, it 
is convenient for a moment to assume that the load resistance has been deleted from the circuit. 
We then have the conditions of a half wave rectifier on no load, or a peak voltmeter (H2) ; electrons 
flow durinp positive half cycles, and a P.D. will be developed across Cj equal numerically to the peak 
value of the K/F input voltage. If the load resistance is then connected in shunt, a steady direct 
current will flow through it and a steady P.D will be produced across it. If Rj is sufficiently big, 
the value of this P.D. will only be a little less than the peak value of the input voltage. For all 
inputs of value over a few volts, Fig, 23 shows that this P.D. is strictly proportional to the 
amplitude of the signal input over a very wide range. An alternative explanation is to consider 
that the R/F input will produce a voltage swing about a working point given by (P'ig. 23 (6) ), the 
rise in current during the first positive half cycle being much greater than the fall during the 
succeeding negative half cycle. The mean current, therefore, rises and produces an increased 
negative potential on the anode as the load line OB is traversed. Succeeding complete waves 
repeat the proce.ss until the anode reaches an equilibrium potential, following which electrons only 
flow across the diode for a short time, at the peaks of the positive half cycles, in sufficient quantity 
to keep the condenser discharging at a constant rate. A diagrammatic representation of 
this process is given in Fig. 24 (a). It should be noted that detection of the R/F input has 
produced an output consisting of two components, a D.C. one, and an R/F one ; both have their 
uses. 

In the case of a modulated R/F input, the D.C. potential difference developed across R^ 
*will rise and fall about its equilibrium value, and if the modulating frequency is an audible one, 
A/F variations of potential will be superimposed on the direct current P.D. By means of the circuit 
of Fig. 23 (a) and that of Fig. 25, these A/F variations of potential—the third component of the 
output—^may be passed on to suitable amplifying stages. Alternatively, telephones may be 
inserted in place of the resistance Rj. 

Fig. 24 (b) represents, diagrammatically, a method by which the characteristics of a diode may 
be investigated. Different values of the direct current P.D. developed across the resistance R^ 
are provided by means of a battery and a low resistance potentiometer. The curves of Fig. 24 (c) 
are obtained by varying the above P.D., keeping the efiect’ve A/F signal voltage constant. The 
figure shows a family of these curves. 
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The line OQ represents a D.C. load line. For example, if is 0*5 megohms, a current of 
10 microamps would correspond to a negative potential of — 5 volts. If the R/F input amounts to 
4 volts, the working point is automatically set to the point P. If the input is a modulated signal, 
a voltage swing will take place about that point and, with 100 per cent, modulation, the load line 
will be traversed from O to Q. Under these conditions, the shape of the A/F wave form is almost a 
faithful replica of the amplitude envelope of the earlier signal—the curve 0/Q ; the very small initial 
curvature of the zero signal input “ line '' introduces a little distortion on the modulation peaks. 

In spite of the high degree of freedom from distortion, following almost linear detection, it is 
important to note that under certain conditions, the diode detector may give rise to serious dis¬ 
tortion. When the diode is coupled to a succeeding A/F amplifying stage, it is usually necessary 
to prevent the D.C. bias potential from reaching the grid of the first valve of the amplifier. In Fig. 23 
(a) this is achieved by means of condenser Cg. the reactance of which is sufficiently low at the audio 
frequencies concerned, but which offers an effective bar to the D.C. component. Resistance Rg 
serves the dual purpose of grid leak and volume control. It will be noted that connection of Cj 
and Rg in parallel with the load resistance and Cj must have the effect of reducing the overall 
impedance presented to the A/F component. In Fig. 24 (c) the load line XY represents the smaller 
load now presented to the A/F components. XY might be called the A.C. load line, since the 
circuit offers a different impedance to the two kinds of voltage. Unfortunately, this introduces a 
complication ; if an R/F signal, of magnitude 4 volts and having 100 per cent, modulation, is applied 
as before, the current in R^ reaches zero when the R/F signal is in the neighbourhood of 1 volt, 
The effect of this is seen in the flattening of the wave! orm shown in the curve X/Y of Fig. 24 (c). 
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The problem of countering distortion due to this cause may be approached in at least two ways; 
the percentage modulation may be restricted to values not likely to cause distortion, or, alternatively, 
special networks may be used to make the impedance represented by the A.C. load line XY equat 
to that given by the D.C. load line OQ. In the next paragraph it is shown that the maximum modula/ 
tion depth for no distortion is given by the relation m = R*/(Ri + R 2 )- By making the size of 
R| three or four times the value Rj it becomes possible to approach the figure of 100 per cent, 
modulation. Special networks are seldom used. 

Another suggestion, due to Kirke, is to apply positive bias to the anode of the diode valve, 
in order to move the working point of the A.C. load line to the right, as shown by the dotted line in 
Fig. 24 (c) ; this is done so that the extension of this line should intersect the zero signal input line 
where it is cut by the D.C. load line. In practice, percentage modulations exceeding 90 per cent, 
are seldom used, and it is not possible completely to eliminate distortion, using 100 per cent, modula¬ 
tion, since one cannot completely straighten the initial bend which characterises all thermionic^ 
detectors. It can, however, be minimised by making the value of Ki big in comparison with the 
effective resistance r of the rectifier. The A.C. resistance of the latter is equal to the reciprocal of 
the slope of the curve, dv/di, and the high value of that resistance at very low inputs is the cause of 
the bend at the bottom of the characteristic. It follows, therefore, that the smaller the value of 
the load re.sistance R^ cornpaied with the detector resistance at small inputs, the greater will be 
the extent of the bend. The relative value of these two resistances affects the question of “ efficiency 
of. rectification." The efficiency will be less at low inputs than at high ones, since an 
appreciable drop of volts will occur across the detector and reduce those available across the load 
resistance. 

Fig. 25 represents another method of 
passing on the A/F variations in potential 
to an amplifying stage. Special care is 
taken to eliminate the R/F component by 
means of the R/F choke and by-pass 
condenser which are shown. It may be 
noted, that if direct connection were made 
to the grid of valve (2), the A/F variations 
in potential across Rj would still be applied 
between grid and filament of valve (2), 
with the addition of the D.C. bias potential 
and the R/F component. Since both the 
grid of the triode and the anode of the 
diode consists of electrodes in the neigh¬ 
bourhood of a cathode emitting electrons, 
it is reasonable to suppose that there is 
no need to have both valves present. If 
the diode valve W’cre removed, the circuit 
would become that of a grid current 
detector, the grid and filament functioning 
as the electrodes of the diode. 

A method of straightening the initial bend in the characteristic of the diode (due to Kirke), 
consists in using a triode as a diode valve, the grid being maintained at a positive potential with 
regard to the filament, in order to neutralise some of the space charge which is responsible for the 
bend in the curve. Very satisfactory results have been obtained using polarising potentials of the 
order of +20 volts, and these circuits have become kno^m as " Kirkiliers." Naturally, the grid 
current will be heavy, and one grave disadvantage of such circuits consists in the damping they 
introduce. The latter is sometimes equivalent to a parallel resistance as small as 8,000 ohms. For 
comparison, the parallel resistance associated with the ordinary diode may be shown to be roughly 
eniipl to Ri/'^. 
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The value of condenser is chosen so that its reactande at radio-frequencies is smalh and its 
reactance at audio-frequencies sufficiently constant over a given frequency range. To avoid 
frequency distortion " it is essential that the iirpedance of the condenser and resistance com¬ 
bination should not fall at the higher modulating frequencies. It is shown below that this effect 
is minimised by using a value of of the order of O'OOOI^iF. Considerations already outlined 
have indicated the order of magnitude of Rj. Over-ruling all considerations, however, is the " CR 
value ” or time constant of the combination ; the latter must be adjusted to allow the super¬ 
imposed A/F variations in potential' to keep pace with the most lapid of those variations in the 
applied signal. A common CR value is 0-0001 seconds, but the older service W/T receivers use 
about twice this value. 

In practice, the simple diode is seldom seen. It is usually found in combination with other 
valves within the same envelope, such as double diodes, duo-diode-triodes, etc. These valves 
feature in most modern broadcast receivers of the superheleiodyne variety ; extensive use is made 
’of the D.C. component in the production of the negative of A.G.C. systems, to be described 
later. 


-^2^. Mathematical Note on the Diode Detector.— (a) 2(-) shi)\V‘i i\\c pquiviilrnt output circuit of 

the simple iliodr. The rmlinil circuit is required to present as crni.stant an iiTij)edariLc as i)ossible to the various 
audible niDtlulatin^ frequeniies, for a Riven depth of modulation 


The total impedance Z is Riven b> — 

J__1 ^ 1^ 

^ X,» ' 


and hence Z 


Ki X, 

V'v 


For a guen A/b ciincnt of R.M.S. value I- 


X, 


A/b potential diflerence - IZ — IKj - 

‘ ^ Vh,» i .V 



b'lG. 2d. 


we have [cf. H 4) — 


?mrJn 


The factor X,/v/Ki^ \ vanes with the fieqiieiiry and i.s always less than 
niity. bor the best ioiidilions, X, iiuist always be much larger than and, in 
practii e. X should not fall below about 2Ki. If we take 0 ■ 5 megohms as the lowest 
noriTiril value for J<,, an ajipropnatc \alue for C, i.s found to be somewhat below 
O-onOlp.!'. condensers of the latter value are, houever, usually cin})loyed, resulting 
in a slight " high note ” l 0 '»s. 

(6) The effectup parallel loiid oi " input resistance " due to a diode (or grid 
iLiircnt detector) has been simply estimated by 'J'ennaii. 

Assuming that the valve only tomliicts on tlie fyeaks of the R/b' signal input, 
the povNcr ubsoibcd is given by where nupan is the mean diinlo (or grid) 

current Assuming the direct current 1M>. deveirqied across Rj us equal to the 
peak signal input, and an " efiiciency ol rectifu ation " p [where p — Hi/(Rj 4- r)], 




anil " I'ower absorhed 


^P 


or in R.M.S. values 


Power absorbed 



Hence the effective input resistance is 


li 


l<i 

2P 


Y2 

. since ' power ’ PR or . 

In many cases we may assume that P-l. 

(c) The case of the diode coupled to a succeeding A/F amplifying stage [Fig. 23 (b)] may be treated as 
follows :— 


Assuming the value of Cj to be chosen in the way outlined in (a) above, the effective load impedance presented 
to the A/F component is that represented by resistances R^ and R, in parallel, since C, is an A/F by-pass condenser 
Hence Z RiR,/(Ri 4- K,) . (1) 

If the mean value of the direct current P.D. across R, is taken V, the superimposed A/F component due 
to the modulation may be written Nf/ sin pt, where N is the percentage modulation (paragraph 14). 
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The peak value of the A/F current will be N®//Z, and this cannot be greater than the mean direct current 
. (fi assumed to be unity). 

N^/Z = «;/Ri 


N-|;= 




.from (1). 


Ri + R, 

This result gives the maximum value of N that can be handled without distortion. By making R, big in 
comparison with R- (3 or 4 times bigger) it is possible to approach full modulation, some distortion on the peaks 
being accepted. Clearly, other considerations may limit the size of the grid leak Ra to not more than about 
5 megohms. 


29. Power Anode Detection.—In paragraph 26 it was observed that the d 5 mamic character¬ 
istic of a triode resembles Fig. 22 (6). The use of the bends in that curve for the detection of weak 
signals has been fully described in Section “ D ” ; in that case it is possible to assume a parabolic 
law for the curve, the use of which gives rise to the so-called “ square law ” detection, and a 
rectified output consisting of three principal terms, the D.C., R/F and A/F components. 

In the case of power anode bend detection, the object is to obtain an approximation to “ linear 
detection ” for large R/F inputs. The available straight portion of the characteristic is limited 
by the lower bend, on the one hand, and the point at which grid current commences to flow, on the 
other. In order to make this linear range as large as possible, the detector stage is worked using 
a high anode voltage and a correspondingly large negative bias to adjust the working point to the 
middle of the lower bend. Under these conditions, the valve would be capable of giving almost 
distortionless detection of large input signals ranging between a minimum of value of '"V (pf. Fig. 
22 (6)), and a maximum value corresponding to the point at which grid current would just begin 
to flow; the flow of appreciable grid current must be avoided in order to eliminate the consequent 
damping of the tuned H/F stage providing the input. In short, it is necessary to avoid both over¬ 
loading or underloading the valve, in order to make the best use of the linear portion of the curve 
to the left of the point at which grid current begins, and thereby minimising distortion. 

Owing to the difficulty of finding an equation to represent the action of the valve with large 
signal inputs, it is not possible to give any simple mathematical analysis comparable to that employed 
when the inputs are small and square law detection results. Although the full analysis is extremely 
complex, the practical results are very simple and are virtually the same as those resulting in the 
simpler case ; the rectified output current contains the same three groups of components, the D.C., 
the R/F, and A/F ones. 

If there is any appreciable distortion following a detector stage of this kind, it may be due to— 

(d) (Characteristic curvature of the so-called straight line." 

(6) Use of a percentage modulation approaching 100 per rent. 

(c) The use of low inputs, such as might be expected from very distant R/T stations. In 
this case the istortion will be serious since the yvdiolc of the working range wil 
be non-linear. 

In spite of these possible sources of distortion, anode bend detectors may be used with considerable 
success in broadcast R/T receivers. 

The great advantage of this type of detector is the low damping it introduces into the previous 
tuned stage ; when properly controlled, no grid current is taken and the equivalent parallel resistance 
may be as high as 200,000 ohms at broadcast frequencies. Moreover, when such a detector is fully 
loaded, its sensitivity i.s satisfactorily high. 

As in the case of the diode detector, the extent of the initial curvature of the characteristic 
is minimised by using a relatively high output impedance. Preferably the latter should be a pure 
resistance, suitably shunted by an R/F by-pass condenser. The value of the latter is determined 
by the same considerations which obtain in the case of the diode detector ; since it is usual to pick 
off the A/F variations in potential developed across the output resistance and to apply them between 
grid and filament of a succeeding A/F amplifying valve, it is convenient to arrange the by-pass 
condenser so that it may also act as a grid insulating condenser, preventing the application of H.T. 
to the grid of the A/F amplifier. Employing the usual terminology, the detector vaJve is resistance- 
capacity coupled to the succeeding A/F stage. 
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Pmally, the question of R/F feed-back from the output circuit to the input though the anode* 
grid inter-electrode capacity must be considered. In this case, the R/F output circuit has a nett 
xapacitive reactance, and so the feed-back is in such a phase as to damp the input circuit (Section 
This effect is the same as “reaction" but opposite in phase, and is sometimes called 
anti-reaction ” ; analysis of this feed-back of energy from anode to gi id of the valve was first 
made by J. M. Miller, so giving rise to the name “ Miller effect.’’ The feed-back increases with the 
reactance of the output condenser, i.e., it varies inversely as the capacity, from this point of 
view the capacity should be the largest possible. 


It is fairly obvious that general rules cannot be laid down for the best values ^ R under 
all conditions. They must be chosen with respect to the individual circuit, Ih? lyP^ valve 
employed, and so on. As an instance, the figures in one broadcast receiver, whose valve 

constants were — 25,000 ohms, m — 25, were R = 250,000 ohms and C -- O'OOMj^^'- 
j)aragraph 27, for CR values). 


30. Power Grid Detection.—In Section " 1)," and in N.27, it was shown tliat a grid currW^ 
detector may be regaided as a diode detector followed by a triode amplifier of the resulting A/ff^ 
variations in potential developed across the load resistance. In iliis case the latter function is 
performe^d by the grid leak, and the rectified current is now^ giid curient. The grid condenser and 
leak resistance thus play similar parts to the by-pass condensiT and load resistance in the case of 
the diode detector and anode bend detector circuits respectively. Their values will be dictated 
by considerations similar to those already discussed The I„/V^ charactenslic is like that of a 
diode, and has less curvature than the static mutual characteristic ; the extent of the curvature may, 
therefore, be limited by using a ratio of leak resistance to giid/filament woiking A.C. i esistance wliich 
is not so high as for the corres}»onding case in anode detection. This allows the use of a larger 
relative value of capacity without exceeding a stipulated CR value. 


On application of an unmodulated K/F signal, the grid runs negative to a value appi oximately 
equal to the peak value of the signal voltage input; the working point i.s moved to the left and the 
anode current falls. If the carrier is modulated, the position of the woiking point will vary in a 
manner which produces anode current waveform variations which are a faithful leplica of the 
modulating wave frequencies. In view of the larger grid injiut voltages, the 11. f voltage on the 
anode must be sufficiently high to prevent the greatest signal amplitudes during the negative half 
cycles from reaching the lower bend of the mutual characteristic in use. If this is not done, anode 
bend detection will take place, tending to raise the anode current, at the same instant of time that 
grid current detection is occurring, tending to reduce the anode current; the nett result will be to 
produce distortion, an effect which may be countered by using high anode voltages, or by performing 
the functions of detection and amplification in separate valve.s, as in the case of the circuit of Fig. 
25. Overloading of a grid detector is a commonplace occurrence. 


The detector stage is usually followed by a stage of A/F amplification, to which it may be 
coupled by any of the usual methods. Resistance-capacity coupling gives the best results, but 
requires a high H.T. voltage in order to give a high enough anode voltage after the drop in the 
resistance has been taken into account. 


In order to emphasise the difference in the operating conditions between power grid detection 
and ordinary grid current detection, as used in W/T practice, the following comparative table of 
values is given :— 


— 

j Anode Voltage. 

Condenser. 

Kesislancxj. 



liF. 

Mei^obins 

Cumulative grid 

50 

0 0001 

2*0 

Power grid 

, 150 

0-0003 

0-2 
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The most serioi\s disadvantage of ^wer grid detection is the damping it produces on the input 

circuit, which is !much greater than in the case of the power anode detector. It arises through two 
C9iUS6S r— / 

(^) The flc;w of grid current necessary for detection, involves a diminution of the working 
A.C. CTid/filament resistance. This is in parallel with the input circuit, and so its 
dampfeg^effcct is inversely proportional to its actual value. 

(b) The dai^jj^g dUe-t5‘'Mtiifir-‘Cff^C\\-'fhe'Y6e(iiiig*backT)fr.nerKy through the anode/grid 
I'^^acity in anti-phase to that fed back by “ reaction ” circuits, iS greater than in 
dtfie ca.se of the anode bend detector. This is due to the fact that in this ca.5e the 


operating part of the mutual characteristic is the straight part, where the amplifica¬ 
tion factor for the R/F input has its highest value. It is much higher than the 
effective amplification factor for a valve working on the lower bend. The amount 
of feed-back obviously depends on the voltage developed across the output circuiV 
and so is proportional to the amplification factor for given values of inter-electroae 
capacity and R/F output impedance. 


The higher amplification given by power grid detection is more than sufficient to compensate 
for this increased damping of the input as compared with power anode detection, but a decrease in 
selectivity is inevitable. 

The damping due to feed-back (Miller effect), may be considerably reduced in both power anode 
and grid detection, by using two valves in the detector stage, their grids being in push-pull and their 
anodes in parallel.. Alternatively, it may be countered by the use of neutralising circuits. The use 
of a screen grid valve for detection would also minimise feed-back in both cases, as has already been 
seen when discussing amplifier stability (Section “ F The ordinary screen grid valve character¬ 
istic is, however, unsuitable, though a push-pull screen grid valve detection stage has been success¬ 
fully used. 

In general, power grid detection leads to less distortion in the rectified output than power 
anode detection. For some considerable time, power grid detection was the standard method in 
the highest quality receivers; to some extent it is now falling into disuse, owing to the higher field 
strcngtlis which are now usually available, and the consequent suitability of a diode for the same 


purpose. 


31. Aerial and R/F Amplifier Circuits.—In W/T reception, provided audibility is ensured, 
the chief consideration in the design of the aerial circuit, and the R/F amplification stages, is the 
provision of sufficient selectivity to enable the desired signal to be received with the minimum of 
interference. It has been seen that this may be accomplished by the use of an aerial secondary 
circuit—often untuned—with loose coupling to sharply tuned circuits in the subsequent R/F stages. 
In R/F reception, selectivity is also desirable, but its attainment conflicts with another important^ 
quality, namely, that the response of the receiver should be uniform over the band of frequencies 
representing the sidebands and the carrier. If the circuit is too selective this will not be the case, 
and the higher audio frequencies in the final output will be relatively weaker than the lower ones, 
thus giving rise to the form of distortion said to be due to “ sideband cutting." 

For undistorted R/T reception, the response of the receiver should be uniform over a band of 
frequencies of width equal to twice the highest modulation frequency. This is very different from the 
response of a sharply tuned circuit, in which maximum sensitivity is obtained at one selected 
frequency, the response falling off rapidly on departure from it—Fig. 27 [a). It is obvious that, 
if the circuit is tuned to the carrier, the distortion is greater the more the sideband frequency differs 
from the carrier frequency. In other words, attenuation of the higher audio frequencies is the price 
of high selectivity. A compromise has therefore to be made. 


32. Band-Pass Filters. —The ideal R/F response curve for an R/T receiver is shown in 
Fig. 27 (a), for comparison with the response curves of a sharply and flatly tuned circuit respectively. 
It is possible to approximate to this ideal curve by making use of the double frequency effect produced 
in two circuits tuned to the same frequency and coupled to each other (Volume I). It has been seen 
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that two peaks in the response curve are then produced, their distance apart increasing as the 
coupling is made tighter. • 

The primary and secondary circuits are separately tuned to the carrier frequency and the 
coupling is arranged so that the resonance peaks are each about 5 kc /s. from the carrier frequency, 
giving a response curve as shown in Fig. 27 (6). Wlicn used in this way, the coupled circuits form a 
' Band-Pass Filter, since they respond nearly uniformly to a band of frequencies, and hardly at 
^all to frequencies outside the band. Provided the interfciing frequency is more than about 10 kc./s. 
removed from th(' carrier frequency, sufficient selectivity as well as a faiily uniform lesponse to the 
modulated carrier is obtained. With a constant coupling factor, th(‘ si‘paiation of the peaks ivS 
always the same percentage of the carrier frequency, and so increases with that frequency. But the 
band-pass filter is required to give a constant peak separation over □ ran^a* of carrier frequencies. 
This may be obtained by a filter employing a “mixed coupling,” or by means of a circuit incor¬ 
porating “ variable selectivity ” as one of its features ; it enables the band-j)ass width to be adjusted 
to suit the frequency. 

An alternative method is to cut out interference by using very sharply luned circuits in the R/F 
stages, compensating for the resulting sideband attenuation by means of a tone corrector in the 
M/F stages. The A/F output circuits are designed so that they give a greater amplification of the 
higher audio-frequencies, in order to minimise the effect of sideband cutting, which involves a 
smaller response in the R/F stages to the sidebands corresponding to the higher modulating fre¬ 
quencies. The rising characteristic of the A/F tone corrector circuit i.s followed by a sharp cut-off 
at about 8 kc./s , and so gives approximately the same result as a band-pass filter in the R/F stages. 

A form of interference which may sometimes be observed is known as “ sideband splash ; 
it is due to heterodyne action between the carrier of the wanted station and interfering sideband 
frequencies of an unwanted station. The effect can only be countered by an increase of selectivity. 

33. Volume Control. Back Coupling. Cross Modulation. —The number of R/F stages 
"required depends on the type of detection employed, a power anode detector requiring a higher 
input voltage than a power grid detector, and a diode, used also for the purposes of A.G.C., requiring 
more than either of them. It is important to maintain this input voltage at its best value for dis¬ 
tortionless detection, and sufficient R/F amplification must be available for this purpo.se with the 
most distant signals it is desired to receive, some form of volume control being incorporated in the 
first stage to prevent overloading with stronger signals. Volume control systems are now usually 
automatic in action, although a manual control is always included. 
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To obtain high amplifii:ation, screen grid valves or H/F pentodes—usually of the variable 
mu type—are commonly used in the R/F amplification stages ; their employment avoids the neutral¬ 
isation necessary with triodes. The usual precautions taken against back coupling in 
amplification stages, are j even more essential in R/T receivers; evbn if the stray coupling is nfct 
sufficient to give rise self-oscillation, it may produce distortion. 

Ordinary screen jgrid valve dynamic characteristics are not so straight as those of triodes and 
distortion may arisiar", either due to partial rectification of the wanted signal, or to rectification of an 
interfering signaV^whirh then modulates the carrier of the wanted one. This latter effect is known 
as cross modvalatlon, and may be minimised by the use of a band-pass filter in the aerial circuit 
and by the^ use of variable mu valves. 

The phenomenon is usually observed when there is a neighbouring strong tmwanted station, 
capable^ applying an input voltage sufficiently great to cause appreciable rectification if an ordinary 
triodp or screen grid valve is in use in the first R/F stage. The rectified current will then appear 
^^^TOodulation on the carrier of the wanted station, and both stations will be heard ; the unwant^ 
sj^ion u.sually disappears if the wanted station ceases to radiate its carrier, since the tuned circuits 
"'subsequent to tlic first R/F stage are sufficiently selective to reject the unwanted frequency. The 
possibility of cross modulation would be increased, if, for any reason, the working point of the first 
R/F stage were to be set nearer the cut-off point; an early form of volume control depended on 
the reduction of obtained by increasing the negative grid bias of an ordinary triode or SG valve 
in the first R/F stage. 

Variable mu tetrodes and pentodes have mutual characteristics possessing a long tailof 
small and slowly decreasing slope, instead of the usual sharply curved lower bend. The slowly decreas¬ 
ing value of mutual conductance (g^) makes them admirable for use in A.G.C. circuits, which depend 
for their operation on a smooth control of the stage gain of the initial R/F amplification stage or 
stages. An enormously wide range of volume control is obtainable by means of a variable grid 
bias adjustment. Moreover, the small curvature of the characteristic associated with low values 
of renders these valves highly suitable to deal with unwanted large input signals, without the.^ 
consequent detection followed by cross modulation which would be produced by an ordinary valve. 

T 5 q)ical characteristics of variable mu screen grid valves and R/F pentodes are shown in 
Fig. 28 (a). 

34. Manual Volume Control.—There are several simple ways of hand controlling the R/F 
input to the detector stage One method involves the use of a high resistance potentiometer across 
the aerial coupling coil, or aerial condenser. The aerial is then taken to a sliding tap on the potentio¬ 
meter, the latter being varied as requisite in order to control the input from the aerial. It will be 
remembered that the damping effect of a shunting resistance is inversely proportional to its actual 
value, and if the potentiometer is of high enough resistance its damping effect is negligible. With 
this method of control, the R/F amplifier alw^ays works at full gain, a state of affairs which is^ 
undesirable while listening to a strong R/T station, on account of the background noise (valve hiss) 
which is usually pre.sent. 

Alternatively, the magnification of the tuned circuit providing the input to the first R/F 
amplifying stage may be directly controlled by means of a variable resistance joined in parallel with 
the former. When the parallel resistance is small, the tuned circuit is highly damped and the gain 
is much reduced. The method is little used, its great disadvantage being the reduction of selectivity 
which it produces. 

The use ot variable reaction is a very old method of providing manual control of the volume. 
The disadvantage of reaction is that it sharpens the tuning, the selectivity increases, and its use is 
liable to give rise to distortion produced by “sideband cutting.*' 

A fourth method consists in controlling the stage gain of a screen grid R/F amplifying stage by 
varying the positive bias potential of the screen. Inspection of the mutual characteristics of a 
scret^n grid valve shows that, for low values of the screen bias, the slope of the appropriate curve is 
low, and the voltage amplification factor of the stage correspondingly small. For higher values of 
$creen bias, the V.A.F. is greater. The method is open to the objection that the curvature of the 
characteristic and the sharpness of the cut-off make it impossible for the valve to handle anything 
other thm signals of very small magnitude. 
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The most satisfactory method of volume control is provided by the use of variable mu screen 
grid or R/F pentode valves. T^^ical characteristics are shown in Fig. 28 [a) ; the substitution of 
fj. gradual change of slope for the usual sharp lower bend, indicates a delicate method of controlling 
the gain of an R/F amplifying stage. The method consists in varying the working point of the 
valve by means of an adjustable negative bias. It is sometimes claimed that the variation of slope 
of the characteristic follows a logarithmic law, the effective stage gain varying concspondingly. 
Since the human ear responds logarithmically to sounds of different intensities (Appendix A), 
the audible variation of the volume is smooth and uniform. Signals up to about 3 volts (peak) may 
be handled without serious distortion due to defection caused by characteristic curvature. 

35. Automatic Volume Control.—With the growth of R/T beam tiansmission using H/F, 
and with the increasing intere.st taken in the reception of M/F broadcast transmissions at diwStances 
beyond the limits of the “ service area,'' some method of ovcicuming the disadvantages of fading 
-^Ijecame necessary. Manual volume controls became too troublc^^ome, and an automatic device was 
needed which would maintain the volume approximately constant at any desired level. With 
headphones, or with a small receiver in an ordinary room, a fair amount of fading can be tolerated ; 
but whenever the programme is reproduced at power through large loudspeaker systems, quite a 
small amount of fading is sufficient to spoil the programme value. 

The possibility of automatic volume control—hf‘ieafter usually called automatic gain control 
(or A.G.C.)—depends upon the use of linear detectors caj)able of dealing with input signals of large 
magnitude, such as diodes or metal rcctifieis, in which case it has been .shown (paragraph 27) 
that the magnitude of the D.C. component is strictly proportional to the peak value of the carrier 
input; it may be said that the jjrinciple of A G.C lies in the use of the D.C. component (Fig. 23) 
of the rectified current to produce the necessary negative bias, required to control the gain of the 
preceding variable mu R/F amplification stage or .stages, and sometimes that of the frequency changer 
, stage. Under suitable conditions, it is possible so to control the gain that wide variations of incoming 
iKignal strength result in only small variations of the detector input. 

Care must be taken not to assume that A.G.C. is a complete cure for fading ; it is only a palliative, 
and its use is attended by certain drawbacks. For example, when bad fading is taking place the 
background noise will be increased in intensity until it is as loud as the original signal. Moreover, 
under conditions during which the carrier and sideband frequencies do notiade out simult.ineously 
(selective fading P.14), during a period when the carrier may be very weak the sidebands may be 
relatively much stronger, and would be passed through the receiver (owing to the dependence of 
A.G.C. on the carrier) at a greater .strength than when the carrier frequency is present. The result 
is a periodic blast of harsh, high-pntched reproduction, and it may frequently be preferable to limit 
the action of the A.G.C. device so as to let fading occur after the .signal .strength drops below a certain 
Oralue. 

In commercial practice, there are numerous forms of automatic volume control, among which 
the following are well known ;— 

SIMPLE A.G.C.—In this case, with zero signal input, all amplification stages have maximum 
sensitivity, but an A.G.C. bias is produced and fed backwards with all signals, 
even the smallest. 

DELAYED A.G.C.—This involves the use of a .special circuit in which the A.G.C. bias 
does not appear until the R/F input to the detector reaches a certain pre-arranged 
value ; this results in the sensitivity of the receiver remaining at a maximum for 
weak signals. 

AMPLIFIED DELAYED A.G.C.—This is used when it is desired to minimise the R/F 
amplifying stages receding the detector. The necessary large A.G.C. bias is 
obtained by use of the principle of a “ direct current amplifier." 

CORRECTED A.G.C. WITH DELAY.—With the ordinary forms of A.G.C., a very large 
change in signal strength reaching the aerial is almost completely compensated for 
by the resulting change in amplification. Some change in input to the detector is, 
however, necessary in order to produce the compensating change in amplification. 
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It is possible to correct almost completely for the latter by applying a portion of the 
A.G.C. bias to a variable mu pentode in the A/F amplifier; nearly perfect A.G.C 
can be produced in this way, no change in A/F output resulting from any cliange-^ 
within wide limits—in the strength of the input to the receiver. r 

QUIESCENT AUTOMATIC VOLUME CONTROL (Q.A.V.C. OR Q.A.G.C.).—This is a 
modification of the simpler forms, and its object is to produce quiet inter-station 
tuning, eliminating the background hiss and “ set noise '' which is heard when the 
receiver is working in its state of maximum sensitivity. 

VOICE OPERATED A.G.C. CIRCUITS.—These are of importance in public address 
systems, where it is desired that the volume of reproduction should be independent 
of changes in the relative loudness of the announcer's voice. 

It is proposed brielly to consider certain of these forms of A.G.C. 

ifU 

36. Simple A.G.C.—Fig. 28 (&) represents the circuit details of a variable mu R/F or I// 
pentode amplifying stage (1) follow'cd by a diode detector (2). It wdll be seen that the diode 
detector part of the ciicuit is similar to that of Fig. 23, R^ being the load resistance across which is 
developed the direct current P.D. capable of supplying a negative bias equal approximately to the 
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peak value of the input signal volts. The negative bias is fed back through a low pass filter to the 
grid of the variable inu pentode. A low pass filter is necessary to pass only the D.C. bias due to the’ 
relatively slow changes in the amplitude of the carrier wave, and to prevent the A/F changes 
due to modulation being fed back to the amplifying valves. Thus, a small increase in the strength 
of the carrier frequency reaching the detector results in an increase in the rectified voltage; this 
produces increased negative grid bias for the amplifying valves, and reduces the amplification to an 
extent which partially compensates for the increase in signal input which gave rise to the above 
change. 
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The low pass filter consists of the resistance (3) and condenser (4) shown in the diagram. In 
most cases the value of the resistance is about 1 megohm, and the size of the condenser is adjusted 
g that the filter will pass to the grids of the amplif 3 dng valves all frequencies below about 10 cycles 
ppr second, but will obstruct all frequencies above that value. A suitable size for this capacity 
is 0-05 microfarads. In this way, only the slow changes in D.C. potential reach the grids of the 
amplifying valves from the detector stage, the more rapid A/F changes being obstnicted by the 
filter. Owing to the high value of the filter resistance, it is essential that the whole A.G.C. circuit 
should be particularly well insulated from earth, only the best components being used. The 
resistance to earth should always exceed 20 megohms. 

Fig. 2B [a) represents the mutual characteristics of a Service type of variable mu screen grid 
valve and R/F pentode respectively. The smoothness of the curves gives an indication of the 
steady reduction of amplification which is obtainable as the A.li.C negative bias is steadily increased. 

The A/F variations in P.D. due to the modulation are passed on to .subsequent A/F amplifying 
stages through a manual volume control, is indicated. 

The immediate reduction of sensitivity of the ri reiver on receipt of t‘von the smallest carrier 
wave, constitutes one of the moie serious objections to this simple lorm of A G.C. 1'he system is, 
therefore, not good for the reception of weak signals Other objections include :— 

{a) The presenre of a noisy background win ii Mgiials arc fading badly. 

(6) The noisy inter-station tuning--hence the need for QA (i 

(c) The slightly increased timing difficulty, owing to the tendency for the A/F output to 
remain constant even when slightly detimed. Ihis fart points out the advantage 
of “ tuning indicators '' ami “ automatic tuning " devices, now commonly fitt^ 
to the more expeijsive receivers. In its sinijilest foiin, the luning indicator could 
consist of a milliammeler in the anode circuit of one oi the cunti oiled stages; the 
circuit will be in tune when the carrier frequency wave has its inaximiim amplitude, 
producing in turn the largest A G.C. negative bias and the smallest value of the 
mean anode current. 
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37. Delayed A.G.C.—The undesir¬ 
able deciease of sensitivity on receipt of 
even the weakest signal - a salient feature 
of simple A G.C.—-may be overcome by 
aijdiigiijg to delay the production of 
A.G.C. negative bias until the input to the 
deLectoi reaches a certain pre-arranged 
value. This may be done by means of 
the dicuit of Fig. 29. The valve is a 
double or (duo) diode, and in this case 
the two diodes are used in parallel, one 
being used to detect the signal frequency 
and the other to produce the A.G.C. 
negative bias. The signal frequency is 
leceived by the tuned LC circuit and fed 
between Anode A^ and cathode, through 
the K/F by-pass condenser C^, having the 
load • resistance Rj in parallel with it. 
The D.C. component develops the usual 
negative potential at one end of resistance 
R^, and the A/F variations in potential 
are fed through an R/F filter circuit con¬ 
sisting of inductance (I) and condenser 
(2), and applied between grid and cathode 
of a ’succeeding A/F amplif 3 ring stage. 
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Condenser (3) is an A/F by-pass condenser, and serves to prevent the application of negative bias to 
the A/F stage ; resistance (4) constitutes the manual volume control. 

Resistances (5) and (6) form a potentiometer across the H.T. supply, the negative terminal 
connected to the earth line. This has the effect of making the cathode positive with resp^^ 
to anode A„ which is earthed through resistance Kg; the value of the positive potential abov#' 
earth is equal to the drop in volts across resistance (6). 

The signal input is also applied between anode Ag and cathode, by moans of condenser (7). Since, 
however, the cathode is positive with respect to Aj, no current will flow in Rg until the peak 
value of the signal input exceeds the value of the “ delay volts " available across resistance (6). 
The delay can, therefore, be precisely determined, and when it has been overcome, current will 
flow in Rg, and the resulting negative bias may be fed backwards to the R/F amplifying 
stages. Resistance (8) and condenser (9) constitute the usual low pass filter. 

The method has the disadvantage that considerable R/F amplification must precede tlu| 
Stage. It is, howevci, belter than the simple A.G.C. system, and it is possible to obtain a mo?-, 
uniform output level for varying inputs, since the delay action reduces the possible range of variation 
of the latter; the greater the delay the more nearly perfect will be the A.G.C. system. 


38. Amplified Delayed A.G.C.—Quiescent A.G.C.—In general, if a reduction is made in 
the R/F amplification preceding a detector stage, the peak value ol the signal input wall be too low 
for the production of adequate A.G.C. negative bias. In certain cases, however, it is desirable to 
economise in R/F amplification, in which case the detector may be supplied with signals of the order 
of 1 volt peak value ; the bias voltages arising from rectification must then be amplified before being 
fed back to earlier R/F stages. 
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Fig. 30 provides the circuit details of 
an arrangement using a duo-diode-triode. 
This valve combines the functions of a 
double diode already discussed and, ini 
addition, the triode section of it is used 
as an A/F amplifier, and also as a direct 
current amplifier (K.59). 

The signal input is fed into the tuned 
J.C circuit and applied—for detection— 
between anode A^ and cathode by means 
of the ordinary diode circuit. Condenser 
Cl is the R/F by-pass, and resistance Rj 
is the load resistance across which the 
small direct current P.D. is developed. 

If the incoming signal be a modulatea 
one, A/F variations in potential may be 
picked off auross R^, the latter being used 
as a manual volume control, and applied 
between grid and cathode of the triode 
portion of the valve. In this case, the 
circuit has been slightly simplified by 
omitting the R/F filter circuit which is 
usually interposed in the A/F feed. The 


^ n • - utput is shown to be resistance/capacity 

- coupled to a succeeding A/F amplifying^ 

Fig. 30. stage, the usual decoupling arrangements 

also being included. 

Resistances (1) and (2) together form 
a potentiometer across the H.T. supply, the general earth line being connected to a point down this 
potentiometer. The cathode is connected to the H.T. negative terminal through resistance (3) ; 
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when no current is flowing through the val^’^e, the effect of the position of the earth line is to make 
the cathode negative to earth by the value of the P.D. across resistance (2), usually about 100 volts. 
Since the second anode Ag is connected to earth through resistance (4), under the above conditions 
it^vould therefore be positive to its cathode by a similar amount—namely, about 100 volts. Clearly, 
current would then flow’ in resistance (4), and a direct current P.D. w’ould be developed across it. 
The relative potential ol the cathode is, how’ever, not determined only by the P D. across resistance 
(2) ; it is largely controlled by the current flowing tiirough the valve. 

Resistances (5), (6) and (3) represent the output impedance of the triudo section of the valve. 
When there is no signal input, the current through the valve wall have its maximum value, and it is 
arranged that the fall in P.D. acro.ss resistance (3), produced by the returning space current, is 
.sufficient to make tlie cathode positive with respect to the eartli line by iin amount which must 
depend upon the amplification produced by the valve, usually from 20 to 40 volts positive. The 
behaviour of the circuit is as if tw’o sources of E.M.F. were conneited in opposition, each trying to 
pyjduce contrary P.D.’s between anode Aj and the cathodi' ■ wIkmi the fall in P.D. down (3) is 
greater than that down (2), the cathode is positive to earth, and under those conditions no current 
flows in the diode section An, and no bios potential is tieveloped across resistance (4). 

Pet us assume that the cathode is 20 volts positive to earth wdieu the signal input is zero, and 
that the valve circuit has a V'.A.F. of 20. A signal of peak value I volt will produce a negative bias 
across Rj, of about tlic same value ; this is applied between gnd and filament of the triode section, 
the current through the vale is reduced, and the P.D. across resistance (3) falls by about 20 volts. 
The cathode wdll then be just at eartli potential, effectively the Iw'o oppositely connected “ batteries ” 
just cancelling each other. Since A^ is also at earth potentiaJ, no current yet flows in that section 
of the valve. 

If the signal increases to 1 - 5 volts, tlie P.D. across resistance (3) will fall by another 10 volts, 
thereby making the cathode 10 volts negative wdth respect to earth ; current then flows in resistance 
(4) and a negative A.G.C. bras is developed which may be fed back to pi (‘ceding valves in the usual 
Way. It is therefore apparent that the circuit provides a delay in the application of A.G.C. until 
lAiie signal input exceeds 1 volt ; for gieatcr inputs the requisite huis voltages are provided, the 
maximum negative bias being limited by tlie P.D. across resistance (2). 

The above circuit may also be used in the provision of Q.A.V.C. One .siinjile way of doing this 
is to anange to damp the tuned circuit of one of the K/P amplifying stages, by causing grid current 
to flow when no strong carrier wave i.s being leccived ; the stage gain may thereby be reduced, and 
the set rendered less sensitive and quieter in operation. 

In the case of Fig. 30, when no signals (or only weak ones) are being received, there will be 
little or no D.C. potential difference available across Kj, and the current through the valve will be 
large. The cathode will therefore be positive to earth, and this jiositive potential may be fed back 
Wj the grid of one of the previous R/F amplifying stages by means of the line labelled “ Q.A.G.C. 
bias." When the grid of that previous stage receives tliis positive bias, grid current will flow, 
thereby highly damping the tuned circuit which is attached to it. 

Wlien strong signals are received, a larger bias potential apjiears across Rj, thereby reducing 
the current through the valve ; the cathode ceases to be positive with respect to earth, grid current 
no longer flows in a previous K/F amplifying stage, and the tuned circuit of the latter is undamped. 
The receiver quickly returns to its condition of high sensitivity and the station i.s strongly received ; 
powerful stations come in somewhat suddenly, and the tuning may be described as “ ploppy.'" 

^ 39. Voice Operated A.G.C. Circuits.— Under ordinary conditions the input energy to a 
"microphone varies over a wide range, and it has been estimated that the power ratio of the strongest 
to the weakest significant sounds in speech may amount to 10 milhon to one, or 70 db (Appendix A). 
It is sometimes considered that this range consists of two components, the “ volume range," and 
the range due to intrinsic differences in the various speech sounds. The volume range of about 
40 db. is due to the differences in the speech powers of different announcers, and the way they talk 
into the microphone ; these volume differences can be reduced to a considerable extent by manually 
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operated gain controls. The remaining variation of about 30 db. is due to the natural differences 
in energy associated with different speech sounds, including modifications introduced by variations 
in emphasis. The total power range is so large that some form of A.G.C. is necessary in order tl^t 
the intensity of the strong vowel sounds may not overload the amplifiers, so producing distortiro, 
and that the output may be maintained approximately constant and independent of the input. 
This need for a voice operated A.G.C. system applies equaUy to public address systems and to long 
distance telephony. 

In the case of ordinary R/T receivers, the A.G.C. bias is provided by the carrier frequency wave. 
In the case of A/F public address circuits, no carrier is available and the gain of the set must therefore 
be controlled by the speech frequency voltages. 

In the case of ordinary A.G.C. circuits, the sensitivity of the receiver is made to depend on the 
value of the carrier wave amplitude. In the case of voice operated circuits, it is similarly possible 
to produce an A.G.C. negative bias by rectifying the A/F voltages, and the mean value of this bhia 
may be made to depend upon the peak values of the speech frequencies. If the mean power level 
of speecli is high, the peaks of voltage will be correspondingly high, so giving rise to a proportionately 
larger A.G.C. bias. 

Voice operated A.G.C. circuits therefore involve two important requirements :— 

(a) The action of tlie A.G.C. in compen.sating for excessive speech voltage must be as 
rapid as possible In the condition just before an announcer commences to talk, 
the A.G.(^ is inoperative and the amplifiers are in the condition of maximum 
sensitivity. As soon as the operator commences to speak, provided his voice is 
above a certain minimum intensity, he will overload the power amplifiers with 
consequent distortion, until such time as the A.G.C. has reduced the sensitivity 
of the set to the required amount. It is therefore necessary that the first few 
cycles of speech frequency must bring the A.G.C. into operation. 

(?;) The action of the A.G.C. should be slow in the reverse diicction when called upon t^ 
compensate for a reduction in the intensity of speech. It is clearly desirable 
keep the sensitivity of tlie set adjusted as nearly as possible to the average intensity 
of the announcer's speech, taken over a period of time; this will be the case if a 
large time constant (CR value) is arranged for the condenser/rcsistance combination 
in the rectifying circuit handling the A/F voltages. 

If these two requirements can be satisfied, the sensitivity of the A/F aniplifieis may be kept adjusted 
by the peak voltages of the speech input, but any sudden rcductiofi in speech intensity would not be 
compensated immediately. The latter condition would only arise in practice in the case of a 
particularly bad announcer who clipped his words at the ends of sentences, or syllables at the ends 
of words. 

40. Voice Operated A.G.C. in a Service Type Public Address (Wa/T) System.—Fig. 31 
shows, diagraminatically, the A.G.C. circuits of a particular Service t)q>e of input amplifier. 

The first valve (1) is a variable mu pentode, the amplification of which is controlled by means of 
a variable negative bias fed back from the A.G.C. system. The output may be considered to be 
resistance-capacity-coupled to tJie second amplifying stage (2) ; it is proposed to treat at a later 
stage the principles of the tone control circuits which add complexity to the output impedances of 
valves (1) and (2). For the purjwse of the present argument, therefore, the essential part of the 
output of valve (2) will be taken to be resistances (3) and (4). The A/F variations in potential 
which are available across these output impedances are used to feed the subsequent intermediate 
amplifier (input voltage and also to supply the signal input between grid and filament of the"" 
A.G.C, amplifying valve (5). This valve is transformer coupled to an ordinary diode detector (6). 
The circuit is a conventional one, condenser (7) is aii^A/F by-pass condemser, and therefore has the 
large value of 1 (iF., and resistance (8) is the load resistance of value 1 megohm, across which the 
rectified D.C. potential appears. The value of this D.C. potential is proportional to the magnitude 
of the A/F input to valve (5). The circuit shows that the available negative bias is fed back to 



Fig. 31. 


valve (1) through the usual “low pass " filler. The filter is dcsignerl to pass the relatively slow 
changes of rectified potential (V 4 ) which are required to rniitrol the amplification of valve ( 1 ), but 
to obstruct any A/F variations which would otherwise be transfer!ed from valve (5) back to the 
grid of valve ( 1 ) ; any such transfer would result in a “ howl “ and produce considerable distortion. 

The diode is arranged so as to produce amplified delayed A G (' , and the A G.C. bias does not 
come into operation until the peak value of the voltage ^ exceeds the “ delay voltage." This 
delay voltage is arranged by means of resistances (9) and (10) which form a potentiometer across 
the H.T. supply, the cathode of valve (fi) being connected to an intcrnuTliatc point. In practice, 
the cathode is maintained at a potential of about 50 volts positive to earth, but the value can be 
adjusted by the size of resistance (10). Accordingly, no rectification takes place in valve ( 6 ) until 
the peak value of the signal input is at least equal to the delay voltage. \^en the peak value of 
the transformer secondary voltage (^g) exceeds the delay voltage, the anode of the diode will 
become positive with respect to the cathode, and a current will flow through the valve and the 
resistance ( 8 ) during the peaks of the positive half cycles. 

Condenser (7) becomes charged very quickly, the time occupying a small fraction of a second ; 
the charging rate is controlled by resistance ( 11 ). The diode valve continues to rectify until the 
delay voltages plus the rectified voltage V 4 are together approximately equal to the peak value of 
the voltage ^ 3 . If remains steady, the rectified potential V 4 will also remain steady, the valve 
passing sufficient current during the positive half cycle peaks to compensate for that which leaks 
slowly away through the high resistance ( 8 ). If the voltage input falls, rectification in the 
diode ( 6 ) will cease, and the cliarge in the condenser will leak slowly away through the high resistance 
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until the delay voltage plus the rectified voltage is again equal approximately to the peak value 
of the signal input, or until the rectified voltage is zero, if is less than the delay voltage. It may 
be noted that using the quoted values of condenser (7) and resistance ( 8 ), the CR value of 
combination is one second (c/. paragraph 27). / 

The whole action of the circuit may be summarised as follows ;— 

(а) When the A/F input is below a critical value, determined by the delay voltage, no 

A.G.C. action occurs and the circuit is maintained in the condition of maximum 
sensitivity. 

( б ) When the A/F input increases above that value, rectification occurs in valve ( 6 ), the 

condenser (7) cliarges up rapidly, negative grid bias is applied rapidly to the grid 
of valve ( 1 ), and the amplification is quickly reduced to compensate almost completely 
foi the increased A/F input. As in previous cases, compensation cannot be complete, 
because some increase in the A/F input to valve (5) is necessary in order to prodijice 
the compensation. 

(c) If the A/F input falls, ^'3 will decrease, condenser (7) will slowly discharge, and thereby 
slowly increase the amplification produced by valve ( 1 ). In the course of normal 
speech, the requisite degree of compensation will be determined by the highest 
peaks of A/F voltage. 

The relative values of resistances (3) and (4) determine the ratio of to ^ 2 ' adjustment i.s 
set so that is sufficient fully to load the subsequent powei amplifiers when the A.G.C. is in operation. 


41. Automatic Grid Bias. —In Fig. 31, automatic grid bias is provided independently for 
each valve except the rectifier ( 6 ). The principle is that the grid of each valve is anchored to earth 
potential, and the cathode is raised to a potential positive with respect to earth by the insertioji 
of a resistance between the cathode and earth. The total anode current (or space current) w«l 
then pass through that resistance, making the cathode positive with respect to the grid ; this is 
equivalent to making the grid negative with respect to the cathode, negative grid bias is applied 
The magnitude of the bias is given by the j)roduct of the anode cufi cut and the resistance employed , 
for example, in the ca.se of valve ( 2 ), the resistance ( 12 ) is 600 ohms and the anode current is of the 
order of 3-8 millianips, producing a negative bias of about 23 volts. 

It is necessary that the voltage developed across a bias resistance should depend on the mean 
anode cuiient, and should not follow any changes in the latter taking place at audio-frequencies. 
For this reason, a condinser of high capacity, usually an electrolytic condenser, of value about 
20 microfarads, is shunted acioss the automatic grid bias resistance in each case, to by-pass to 
earth the audio-frequency components of the anode current. One advantage of automatic grjd 
bias obtained by this means is that it is, to a large extent, self-adjusting. If a valve is used which 
passes more anode current than normal for a given grid bias, the additional anode current will 
provide additional negative grid bias. This in turn will reduce the anode current of the valve, and an 
equilibrium point will be reached at which the increase in anode current is much less than the amount 
it would be if a fixed grid bias were employed. A similar but opposite effect occurs if a valve is 
employed which passes less anode current than normal for a given value of grid bias. Furthermore, 
if the high tension supply voltage varies, the action of the anode current of each valve produces 
corresponding and compensating changes in the value of the grid bias. 

The piovision of automatic grid bias in this way is not restricted to indirectly heated valves, 
although with them it is simplest in operation. In the case of directly heated valves, the situation 
is complicated by the fact that the two ends of the filament are not at the same potential. Fig. 32 
illustrates the use of automatic grid bias in the case of two triodes in push-pull in an A/F 
amplifying stage, the filaments being directly heated by the A.C from two separate transformer 
windings. Each winding is centre tapped and connected to earth and H.T. negative by resist¬ 
ances (1) and (2) rcsp)cctively. The anode current flows through these resistances, and, if 
the stages are perfectly balanced, raises the filaments to equal positive potentials above earth. 
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It may be noted that with tliis push-pull 
arrangement, there is no need to provide an 
A/F by-pass condenser between the centre 
tap of the input inductance and the centre 
tap on tlie two transformer windings; with 
a symmetrical input the centre tap of the 
input inductance should always be at an 
unvarying A/F potential, and, for this reason, 
it is only necessary to arrange that the 
centre tajis of the iilament windings are 
themselves always at th^^ same A/F ix)tcnlial. 
This is effected by means ol condenser (3). 


42. lone Control. —Tone coryteiion 
implies the adjustment of the relative 
strength of reproduction of different audio¬ 
frequencies. i'liis is usually effected by 
.tliering the frequency n‘sj)c)nse character¬ 
istic of the ainplilier system, by the use of 
suitable networks involving capacity, induct¬ 
ance anti n^sislance. 

There are luimeious causes giving lise to tlie necessity for tone control. I'ur example, side¬ 
band cutting may make it advisa’ole to enqdiasise the high audio-fi equeiu ies with relation to the 
lower ones. On the othci hand, the necessity may arise entiiely due to peculiar acoustic conditions ; 
in paragraj)h 6, it is observed that the pf>nj acoustic t onditions which exist in a ship make it necessary 
tp attenuati* aiuliu-fietpiejicies below 800 cyrles/secoiul, in order to leduce “boom “ and “ echo," 
and to accentuate fnapientdes above 2,000 cycles/second to improve the intelligibility of speech. 

There are foui piiiuipal forms of tone correction, namely the accciilualioii or attenuation of 
high or low nolL's resj/ectively; the special needle scratch fillers used in gramophone j)ick-ups form 
a special case of tone correction. 

High note accentuation will b(' required when the consonants of speech [i.c., letters S, T, F, 
etc.) are weak, music is too mellow, and tlie repioduction is “woolly." 

Its introduction will improve intelligibility. 

High note attenuation will be required when the consonants of .speech are harsh and over 
c^iphasised (whistling S's, etc.), and the reproduction generally is hard and shrill, and too “ brilliant." 
High note attentuators will reduce gramophone needle scratch, and reduce the “ mush “ in radio 
reception. 

Low note accentuation wall be required when music is lacking in “ body." This type of 
correction is only of value when loudspeakers and amplifiers capable of reproducing very low notes 
are used ; in other cases there is a risk of overloading the amplifier and damaging the loudspeaker. 
Low note attenuation is usually only necessary in cases where it is desired to eliminate " boom/' 
possibly due to bad acoustic conditions. 

^ 43. General Principles of Tone Corrector Circuits. —In tone corrector circuits, use is 
made of a combination of some of the following principles :— 

(а) That the impedance of a pure resistance is independent of the frequency. 

(б) That the reactance of an inductance varies directly with the frequency. 

(c) That the reactance of a condenser varies inversely with the frequency. 

(i) That an acceptor or rejector circuit has a minimum or maximum impedance respec¬ 
tively at a certain frequency. 
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In general, a suitable network is constructed so that the impedance varies in a manner corre¬ 
sponding with the required variation of response or amplification. An uncorrectsd E.M.F. is then 
applied to this circuit through a resistance (which may be a valve), which is larger than the highest 
value of the impedance of the tone corrector network within the required A/F range. The former 
resistance, being the largest impedance in the circuit, then controls the current through the whole 
circuit, which is hence directly proportional to the uncorrccted E.M.F. at all audio-frequencies 
within the required limits. The E.M.F. developed across the tone corrector network at any 
frequency will then be given by the product of the current and impedance at that frequency; 
the P.D. developed across the corrector network will then be an E.M.F. which has been corrected 
for tone, and it may be passed on to subsequent A/F amplilying stages in the ordinary manner. 

In most cases of high or low note accentuation, the accentuation is only relative. In high 
note accentuation, all frequencies except the high notes are attenuated, thus leaving the high notes 
relatively accentuated, and similarly with low note acrentuation. Most common forms of tone 
correction reduce the general volume level by an amount which must be compensated for 
increasing the re.sponse to all frequencies uniformly, conveniently clone by means of one of the gain 
controls in the amplifier system. Certain simple tone controls arc well known. A resistance* 
shunted across the terminals of a gramophone j)ick-iip will prtjduce attenuation of the higher audio¬ 
frequencies ; the lower the resistance the more drastic the effect. In radio receivers, strong use of 
reaction sharpens the tuning and produces .sideband cutting. In superheterodyne receivers, with 
variable band pass coupling for the I/F transformers, the higher audio-frequencies are strongly 
attenuated by employing a loose coupling. 

It is proposed to illustrate the principles of tone correction by reference to one particular case 


44. Tone Correction in a Particular Case.—The amplifier circuit of Fig. 31 provides an 
example of high note accentuation and low note attenuation. 

HIGH NOTE ACCENTUATION CIRCUITS.—Two separate high note accentuati6^n 
circuits are provided. A fixed degree of accentuation is given by inductance (13), and a variable 
amount by the tapped inductance (14) assisted by the condenser (15). 

Ill each case the principle is the same. At all frequencies below about 1,000 cycles the imped¬ 
ance of the choke (13), and of the LC circuit (14) and (15), is small compared with the coupling 
resistances (16) and (17) respectively. At these frequencies, therefore, the coupling is effectively 
pure resistance-capacity, and is approximately equal at all frequencies, except fur the action of the 
low note attenuation circuits described below. The resistances (16) and (17) arc, however, much 
lower than the optimum value accessary for full amplification. At fiequcncies above about 1,000 
cycles per second, the impedances of the inductance (13) and the LC circuit (14) and (15) become^ 
greater than the resistances (16) and (17) respectively, thereby increasing the amplification at those 
frequencies. Furtlicrmore, in each case at all frequencies above the critical frequency where the 
impedance of the inductance, or resonant circuit, is equal to the value of the coupling resistance, 
the impedance of the whole anode circuit will vary directly with the frequency, thereby providing 
a rising frequency response characteristic (paragraph 43). At very high frequencies, excessive 
ri$e in the impedances of the inductance (13), and the LC circuit (14) and (15), is limited by the 
resistances (18) and (19). 

The condenser (15) in conjunction with the inductance (14) produces a resonant circuit providing 
a maximum impedance at about 6,000 cycles. The resistance (19) prevents this resonance from 
being too sharp, but permits the resonant circuit to provide greater accentuation of frequencies in 
the neighbourhood of 3,000 to 6,000 cycles per second than is provided by the plain inductance (13). 

The variable inductance (14) is the high note accentuation control. In the upper position of 
the switch the tone control circuit is inoperative, and in the lower position it exerts its maximum 
effect. 

LOW NOTE ATTENUATION CIRCUITS. —Two separate low note attenuation circuits 
are provided. A fixed degree of attenuation of frequencies telow about 400 cycles per second is 
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provided by the condenser (20) and resistance (21). A variable amount of attenuation of frequencies 
below about BOO cycles per second is provided by the variable capacity (22) to (24), acting in con- 
ji^iction with the total resistance between the points A and E (100,000 ohms). The principle is the 
eatne in both cases. 

In the case of the fixed low note attenuation circuit, attenuation starts at the frequency when 
the reactance of the condenser (20) is equal to the resistance (21). As the frequency falls, the 
reactance of the condenser (0 ■ 002 fiF.) rises, and this reactance acts in conjunction with the resistance 
(90,000 12) virtually to form a potentiometer which supplies to the grid/filament eiicuit of valve 
(2) only a proportion of the total voltage devadoped between anode and filament of the valve (I). 
The lower the frequency the less will be this proportion, and the relative intensities of the low notes 
are thereby reduced. 

The action of the variable low note attenuation circuit is similar, except that the critical 
f^«quency at which low" note attenuation commences is adjust^'d by vaiying the capacity (22) to 
(24), by means of the low^ note attenuation control switch (25). Wlim this control is over to the left 
of the diagram, the capacity is large (0-1 fiF.) and the attenuation of tin* low notes is negligible in 
this circuit, and tlie overall low note attenuation consists only of tJiat provided by the condenser 
(20) and resistance (21). When llie low note attemiation control is over to the right, this circuit 
attenuates all frequencies below about 800 cycles per second [eonden.ser (24) is 0*0002 jiF.]. This 
effect is additive to the fixed attenuation of frequencies below' about 400 cycles per second, provided 
by the fixed attenuation circuit, and the overall effect is, therefore, a moderate attenuation of 
frequencies betwxen 800 and 400 cycles, and a severe attenuation of frequencies below 400 cycles 
per second. 

45 A/F Amplification.—Owing to the difference in the frequencies concerned, there is an 
essential distinction in technique betw^een R/F and A/F amplification, a distinction wliich becomes 
accentuated in the design of R/T receivers where little distortion can be j)cnnitted. 

With the exception of the modifications lendered necessary by tone controls, the general require¬ 
ment in A/F amplifying stages is that the voltage developed acioss the output circuit should be a 
replica on a largei scale of tlie input voltage apj)lied betwecTi grid and filament. In order to avoid 
distortion (paragraph 7), the \'.A.F. of the stage should be independent both of the frequency and 
the amplitude of the input voltage over the required range of frequencies and ainjilitudes. 

Using triode valves, amplitude distortion can arise from various causes, one of the commonest 
being the application of too large an input voltage. The grid swing is necessarily laiger in A/F than 
in R/F stages, and it is a matter of some difficulty to get a valve dynamic characteristic which is 
straight over a large enough range of grid voltages. Tlic higher the ratio of the external anode 
^Tipedance to the valve A.C. resisStance, tlie more lik<‘ly is this condition to be satisfied. In addition, 
any flow^ of grid current during the positive hall cycles will darnj) the input circuit and cause amplitude 
distortion ; high anode voltages are necessary to obtain a sufficiently large amount of the straight 
part of the characteristic with respect to the working point employed. The advantages of using 
valves in various forms of push-pull are explained in Section “ F.'" One of the most popular forms 
of A/F output stage consists in a curvature biased class “ B (0-P-P-) push-pull arrangement. 
The two v^ves in push-pull are commonly enclosed within the same glass envelope, a characteristic 
feature being that the combination is worked with little or no negative bias. Grid current flows 
during each half cycle, but distortion is cancelled by the push-pull arrangement, as explained in 
Section “ F." The input impedance of a class “ B ** push-pull combination of this nature is 
Jiecessarily low, and it is usually matched to the output of the preceding A/F amplifying stage (the 
driver valve), by means of a step-up transformer, the circuit being similar to that shown in Fig. 34. 
By removing the usual disadvantage associated with the flow of grid current, considerable output 
power can be obtained from a class B " output stage. 

In the case of transformer coupled A/F amplifying stages, a common source of distortion is 
due to the approach to saturation of the iron core produced by too large a mean value of the anode 
current* This can be considerably reduced by feeding the H.T. to the anode through a separate 
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choke in parallel (parafeeding) ; the choke carries the steady anode current, and the arrangement 
is similar to a parallel fed transmitter (K.24). The principle is illustrated in Fig. 34, stage 1. 

The presence of amplitude distortion may be detected by means of the harmonics therej^y 
generated ; the tone quality is affected very considerably. It is important, however, to realise 
that not all of the amplitude distortion arises in the post detector stages ; much of it may be due to 
the use of a non-linear detector, or to distortion of the amplitude envelope of the incoming R/F 
signal in the R/F amplifying stages. 

Frequency distortion will be produced unless the output impedance is independent of fre¬ 
quency. It is therefore evident that tone controls deliberately introduce frequency distortion. 
Some of the older Service^ A/F .impliliers were noted for the peaky amplification produced at certain 
frequencies—about 2,000 cycles per second. 

From the point of view of R/T reception, the best intervalve coupling would therefore be 
resistance-capacity coupling. In Section F" it is observed that this method is not vei^^ 
suitable for radio-ifrcquencies, owing to the effects of self-capacity ; that effect is less pronounced at 
audio-frequencie.s, but it is necessary that the reactance of that capacity should be high at the 
highest audio-frequencies dealt with, in order to avoid attenuation of those frequencies. This 
requirement limits the size of the resistance employed. Similarly, the coupling condenser must be 
large enough for its reactance to be negligible compared with the resistance of the grid leak, in order 
to avoid attenuation of the lower frequencies. The time constant of the grid coupling condenser 
and leak must be kept as small as jjossible, consistent with the foregoing requirement, otherwise 
overloading of the grid, and the consequent flow of grid current, may increase the negative grid bias 
so much that the grid swing reaches the bottom bend of the characteristic and amplitude distortion 
is produced. 

In the wServicc, typical values for the coupling condenser range from 0-01 pF. to O-I (iF., 
using about 2 megohms for the value of the grid leak. Thesti values may be compared with those^ 
used in R/F amplifiers where the value of the condenser ranges from 0*001 (iF. to 0-0001 |xF, at 
high radio-frequencies, using a grid leak of I megohm. In commercial broadcast receivers, the 
common Vcalue of the coupling condenser in an A/F stage is 0-1 [xF., working with a grid leak of 
0-5 megohms or less. 

The above limitation in the size of the output rc.sistance requires that a valve of corre.spondingly 
low A.C. resistance be used, if a reasonably straight dynamic characteristic is to be obtained, and 
amplitude distortion avoided. A common practical figure for the external resistance is 25,000 
ohms, and, with this value, u.sing a triode valve, the valve A.C. resistance should not exceed 7,000 
ohms ; this combination will give nearly unifomi amplification from 30 to 10,000 cycles per second. 
Using a pentode output valve, the typical value of the output impedance is somewhat lower. 

Transformer coujfling is also often employed in A/F stages, particularly with the class “ B " 
push-pull arrangement to which reference has been made ; in the latter case, however, the output 
transformer is a stcp-duwii one in the output direction. In general, care must be taken that the 
transformer windings do not tune with their (self or stray) capacities anywhere near the audible range, 
otherwise frequency distortion will be produced. 

To give a V.A.F. substantially independent of frequency, the reactance of the primary of the 
step-up transformer at the lowest audio-frequency must be large compared with the A.C. resistance 
of the valve. It follows, therefore, that for a given valve and transformer, low audio-frequencies 
below a certain frequency will not be satisfactorily amplified. Common values of the primary 
inductance range from about 20 henries to 100 henries, the bulk of the transformer increasing very 
much with the inductance. Since the dimensions of the output stage are limited, this leads to the use 
of transformers with only a small step-up ratio. In addition, the smaller the secondary, the less 
is the effect of its self-capacity in producing attenuation of the higher audio-frequencies. 

46. The Output Stage. —In a receiver having several stages of A/F amplification, the earlier 
ones aim chiefly at voltage amplification, but the last one must be designed to deliver as much power 
as possible to the output impedance—usually a loudspeaker system. 
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In the case of a triode, it has been seen (in Section “ F *') that the choice of the output impedance 
necessary for the production of maximum power, is inevitably accompanied by considerable distortion, 
I^oduced by the flow of grid current. In the case of a pentode output, as in the case of the triode, 
a compromise has to be found between the conflicting requirements of distortionless reproduction 
and large power output. In practice, the ear can toleiate a certain amount of distortion, and a second 
harmonic content up to about 5 per cent, is usually allowed. The valve maker arrives at an estimate 
of the optimum load impedance to be used with any A/F amplifying valve, by considering jointly 
these two associated requirements. 

In the case of a pentode, the output impedance giving the maximum power output cannot be 
shown to be equal to the A.C. lesistancc of the valve. 

Among the common forms of output stage are included push-pull arrangements, employing 
triodes or pentodes in their class ‘‘A '' or class '‘13 ” forms A recent modification is sometimes 
vised, and is found bearing the name " low loading push-pull or ‘ class A-13 push-pull amplifier. 
Power triodes are still used, but the outjiut pentode is generally preferred where a high power output 
must be produced as ecunomically as possible. 

It is proposed to refer in slightly greater detail to the output jientode, and the class " A-B 
ampliher. 

47. The Output Pentode. Power Output.—Fig 33 represents the anode characteristics 

of a tyi)ic.d output pentode, capable 
of a maximum anode dissipation 
of 10 watts using 250 volts on the 
anode. Inspection of the character¬ 
istics suggests tliat with 250 volts 
on the anode a suitable working 
j)oint might be r>btaiiu*d with the 
gild biased to - 15 volts, to the 
point 0. The peifoimance of the 
valve wlu-n operating under dy¬ 
namic conditions can now be esti¬ 
mated by di awing load lines passing 
through the ojierating point O. 
When the loarl i.s small the load 
line is steep, and the figure shows 
EF the load line for 5,360 ohms; 
large grid swings produce large 
alterations of anode current but 
small alterations of potential across 
the load. As the load increaseE 
the load line becomes less steep, 
BOD being the load line for the 
large load of 31,250 ohms. 

Dealing with the case of a 
triode, it was appreciated in Section 
that distortlonleBB ampli¬ 
fication involves a load line which 
makes equal intercepts with a series of equally spaced anode characteristics. In this case, if the 
grid is assumed to swing with an amplitude of 15 volts about the point 0, its excursion will take it 
to the point A and the points C respectively on the load line AOC. The 15 volt swing from 0 to A 
drops the anode volts from 250 to about 56, a difference of 194 volts ; a similar swing from O to C 
increases the P.D. between anode and filament to about 412 volts, an increase of 162 volts. It is 
clear, therefore, that the A/F output voltage is not a replica of the input grid voltage, since equal 
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changes of grid voltage in opposite directions do not produce equal changes of anode voltage. Dis¬ 
tortion is present, but a rough practical rule states that the second harmonic content will not exceed 
5 per cent, if the ratio of OC to OA is about 9:11. As the load decreases, the distortion usualW 
becomes less, but the power output falls. When the load is very high, as in the case of the BO® 
load line, the distortion is very considerable. Moreover, the very rapid rise in anode voltage when 
the grid swings from 0 towards D, constitutes a source of danger; voltages of over 1,000 frequently 
develop and are liable to cause a breakdown in the valve or insulation, and the situation would be 
aggravated if, for example, the loudspeaker were disconnected while the valve is operating. A 
compromise has therefore to be made, and is represented in this case by the load line AOC ; it 
provides a high power output cnnibined with reasonable freedom from distortion. 

The mean power output may be determined from the peak values of the anode current and anode 
voltage swing. With a 15 volt grid swing, in Fig. 33, the anode current varies from A to G, the 
anode volts similarly varying from G to C. If the amplitude of the anode current is given by 
and that of the anode volts is given by we have — AG/2 and = GC/2. The power ouf^ 
put is given by the product of the R.M.S. current and the R.M.S. volts, hence 


Power output = X 

A(t X GC 


in watts if ^/b '^i^d ^ are in amps and volts respectively. 


Taking numerical values from Fig. 33— * 

1 ,1. X. 0'052 X 356 

hor load line AOC. Power output ^^-= 1 •? watts. 

0-074 X 45 

For load line EOF.Power output ^- ^0-4 watt. 


Power output under static conditions at 0 — 0-038 X 250 = 9-5 watts. (Note the 10 watt 

Btatic output curve of h'ig. 33.) 

The output pentode offers the advantage of providing high amplilication combined with 
economy in valve stages. A disadvantage is that the tone quality frequently leaves much to be 
desired. The amount of distortion is found to depend upon the size of the output load. The third 
harmonic distortion increases steadily with the load, but the second harmonic distortion shows a 
minimum value for a certain critical value of load ; it is usually that value of the output load which 
is used by the valve makers in arriving at a figure for the optimum output impedance. Where the 
output from the pentode is applied directly to a loudspeaker, the requisite impedance matching is 
usually effected by means of a transformer coupling. For example, a 13 ohm loudspeaker could be 
matched wath an 8,000 ohm output impedance by using a transformer with step-up ratio (T) roughly 
25 ; 1, since 8000/T> ^ 13. 

48. Low Loading Push-pull, or Class “ A-B Push-Pull.—The system of push-pull 

amplification referred to by tliis name, is of a type specially developed to produce a large undistorted 
output using small valves with low maximum anode dissipation. The title “ low loading ** is used 
because the principle eini)loyed requires that, for maximum power output, the anode to anode load 
should be less than that employed in normal class “ A " amplification. The reason for the term 
class A-B '* is that the system provides a compromise between the principles of class “ A " and 
class “ B " amplification. [Cf. F. 31.) 

By employing an anode to anode load which is lower than normal, and only slightly above the 
total internal impedance of the output valves (i.e., twice the impedance of each valve considered 
singly), the percentage distortion is decreased. By operating the valves lower down the anode 
cuirent/grid volts characteristic, the efficiency is slightly increased. The result of these two 
operations is a reduction in the third harmonic content, but an increase of the second harmonic 
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one. If the two halves of the push-pull stage are accurately balanced, the second harmonic distortion 
will cancel out in the windings of the output transformer. It is often considered that the tone 

S uality obtainable with a push-pull triode combination worked under class “ A-B conditions, is 
iperior to that obtainable under class B conditions. 

49. Typical Straight Set R/T Receiver.—^Fig. 34 gives the circuit details of a receiver 
employing two R/F amplification stages using screen grid valves, followed by an indirectly heated 
valve power grid detection stage, the output stage consisting of two iieutrali.sed tiiodes in push-pull. 

In the aerial circuit, a .small condenser (l).of value 0-01)01 (iF, is present to minimise the effect 
of variations of aerial capacity upon the tuning. The variable selectivity band-pass filter (2) 
enables the frequency response characteristic to be adjusti'd to suit the irequency. The high 
resistance potentiometer (3) controls the input to the K,F stage and constitutes a manual volume 
control. The coupling condenser to the first stage is necessaiy to j)revent the grid bias battery 
from discharging through the tuning inductance. The output iinpi^dance to the first R/F stage is 
a tuned anode output circuit (8), the anode of the valve being parallel fed from resistance (5) 
and R/F choke (4), the process involving the use of IIT. blocking condenser (7). The grid 
input circuit to the second stage (8) is tuned, and achieves a double object. The impedance at 
audio-frequencies of this ciicuit is negligible compai d with the reactance of condenser (7). and so 
practically no audio frequency P.D. can he developr-d across the input to the. second stage ; “ back 
coupling ” is sometimes a cause of the development of A/F potential differences across the input 
of R/F stages. 

Throiigliout the ciicuit, resistances and condensers (5) constitute decoupling units. Moreover, 
resistances (6) form potentiometi i s across the II.T. supply, and provide the necessary screen voltages. 

The choke and by-pa.ss condenser (10) provide a jiartial separation of llie R/F and A/F com¬ 
ponents, largely eliminating the lormer one. 

Resistance-capacity coupling is used to provide almost uniform dm])lification at all audio¬ 
frequencies. The traiLsformer coupling (12) provides the input to the ])Ubh-pulI stage. The blocking 
condenser, between resistance (11) and volume control (13), i.s present to avoid .short circuiting the 
H.T. supjjly. Volume control (13) cuiitiols the input to tlie primary of the transformer. 

In the secondary circuit of the transformer, resistances (14) are pieseiit to damp out any 
parasitic oscillations that may be set up at this stage. They also act as R/F suppressors to any 
residual R/F currents, flic neutralising condensers (15) are sometimes necessary to counter a 
tendency to .self-oscillation. Instability due to feed back of energy thiough the anode-grid inter- 
electrode capacity somelinu's occurs in the output stage, a fact wiiicli ptiinls to the advisability 
of using a screened pentode push-pull stage instead of tlie more cumbersome neutralised triodcs. 

The push-pull stage, as represented in the diagram, may be considered to be operated under 
either class A or class “ 13 " conditions ; the determining factor is the grid bias. }3y eliminating 
the grid bias, and neutralising condensers, by using a valve having tlie two Iriodes within one 
envelope, and by employing a step-down transformer, the output circuit would pri‘S(‘nt the character¬ 
istic appearance of a class J3 with zero grid bias output (paragraph 45). 

50. Sound Reproduction. —^'fhis is the process by which the A/F oscillatory currents are 
made to produce sound waves of corresponding frcquericj^ and amplitude. In principle, it involves 
an instrument which is the converse of a microphone, and the reproducing devices known as loud¬ 
speakers may be similarly classified into three electrical types, the electro-dynamic, piezo-electric 
*and capacity types. In all cases, A/F oscillatory cuirents give rise to an alternating mechanical 
force on a diaphragm, and the to-and-fro motion of the diaphragm produces alternate compression 
and rarefaction of the air in the vicinity, i.e., sound waves. 

The arrangement in a loudspeaker, whereby an audio-frequency alternating current is made to 
produce an audio-frequency mechanical vibration of a diaphragm, is usually known as the drive. 
A loudspeaker may be regarded as a loudspeaking microphone or telephone 
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For perfect reproduction, the intensitj" of the sound, or the acoustic output/' must bear the 
same proportion to the electrical power input at all input frequencies and amplitudes ; most loud¬ 
speakers have resonances at particular frequencies, very few of them even approaching the condition 
0 ^ distortionless reproduction. 

Apart from the electrical division of loudspeakers into three classes, there is also a broader 
grouping into two mam categories—the “horn type/* and the “cone diaphragm" type. This 
grouping is based jointly on the appearance and mechanical functioning of a loudspeaker. 

51. Horn Type Loudspeakers. —In this type, shown in Fig. 35 (a), a laige horn is used to 
provide a big moving column of air so that a small diaphragm niaj^ be able to j)ro(luce a large volume 
of sound. This has the advantage that a correspondingly small electrical input is lequired to 
agitate the diaphragm. 1o produce a plane sound wave tlie shape of the hoin must follow an 
“ exponential " curve, i.e., eioss-^ections at equal axial intei\:il:> from the “ throat " of the horn 
J 15 C such that the ratio of the area of any one to the succeeding one is constant. If this is not the 
case, the sound waves reflected li om the inside of the horn pioduce distortion in the resultant sound 
i.s.suing from it. 

For good quality, a large hoi n is also (ssential. 1 he smaller the le)rn, llie higliei is the frequency 
below which the volume of sound lioin the loudspeak r falls off from the jinqiurtionatc volume at 
higher frequencies. This frequency, known as llie "lower ^ ut-off frequency," is as high as 300 
cycles per second in an ordinal y small hoin-lype loudspeaker. Jn talking picture installations, 
horns about 15 ft. long and 4 ft. acioss at the v^ide end aie us(al. These bring the lower cut-off 
frequency down to about 70 cycles per second. To economise in space, a folded exponential horn 
is often used. 

52. Cone Diaphragm Type Loutlvspeakcrs. Thediagiamin tins type- shown in Fig. 35 (6) 
— is conical in .shajic and cniiipaiatively large, so that it acts direclly on a large volume of air, no 
iiorn being einjiloyid. Tn older to obtain efficient reproduction of low frequencies, it is also necessary 
to separate the air behind the diaphiagm fiom that in front of it, l)y means ol a large plane board 
(general]}^ made of wood), calliil a baffle; otlieiwise, the air in fioiit of the diaphiagm, when 
compressed, can return to normal jiiessiiie by escaping to the back of the diajihiagm, instead of 
comjiressing the air exteiioi to itself and so piupagating a sound wave. dJiis is obviously most 
likely to be pronounced at hjw freqiienries, wheie the time between successive conipiessions is 
greatest. In other woids, the smaller the baffle, the higher is the lower cut-off frequency. 

Diaphragms are usually made from paper, linen, balsa wood’, or aluminium alloy. The last 
is the most efficient. 

.. 53. Loudspeaker Driver Systems. -The nature driving system must depend upon 

the electrical principle being employed. Wliere the latter is electro-dynamic, the driving systems 
are either of the moving coil or moving iron type, and the principles involved are the same as in 
the measuring instruments of these tyjies de.scribed in Vol. I. 

Most of the early types of loudspeaker were of the moving iron type. 'J'hey are comparatively 
insensitive, and usually give poor reproduction of low frequencies ; in addition, they have a high 
impedance varying very considerably with frequency, a fact which makes it impossible to match 
their impedance to that of tlie output valve over the requisite range of audio-frequencies. Although 
these loudspeakers arc still considerably used, they have been largely replaced by those of the moving 
coil type. The latter possess greater sensitivity and a more constant impedance over the A/F 
Jiinge; it is the only type that will be described in any detail here. In essential details they 
resemble moving coil microphones (paragraph 11). 

54. Moving Coil Loudspeaker. —Fig. 35 is a diagrammatic representation of this instru¬ 
ment. A coil of wire wound on a light cylindrical former—the moving coil—is suspended so that 
it can travel backwards and forwards in the direction of its axis, through a distance of about 0*25 
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ffii) MOVINU XOIL DRIVE AS FITTED TO THE DIAPHRAGM OF A LARGE HORN TYPE LOUD-SPEAKER 
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to 0*5 in., but is not ciipable of iiinvcment in any otliei direction. It lies in the field of a permanent 
or electro-miignet, of the shape illustrated in the I’l^irc, and called a pot ma^iet. This field is 
radialp and thi refore at right angles to the coil of wire at every point. The coil, when carrying 
current, is thus acted on liy an electrodynamic force (Vol. I), which sets it in motion at right anglers 
to the plane of its own current and the direction of the field. According to the direction of the 
current, the coil theiefoie moves in the direction of its axis to i ight or left, as determined by Fleming's 
Left Hand Rule. When an alternating current Hows in the coil, the direction of motion is reversed 
every half-cycle, i.e., the coil undergoes a vibratory motion. The coil is rigidly secured to the 
diaphragm, and so the latter partakes of the same motion and sets up an air vibration or sound 
wave of corresponding amplitude and frequency. 
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The diaphragm and coil are usuaUy suspended by a ring of silk, leather, or other flexible substance 
round the circumference of the diaphragm. A “spider" in the centre ensuies that only axial 
niDvement is possible 

The chief advantage of the moving coil drive, is the relatively large movement pennitted by 
the free suspension. This has the effect in practice of giving better reproduction at low frequencies 
than is commonly the case with other t 3 -^pes of drive, wheie the necessities of design lead to a much 
smaller maximum permissible movement of the diaphragm. 

To prevent frequency distortion, the impedance of the output valve circuit, including the 
loudspeaker impedance, should be independent of frequency in the ideal case. "J'lie coil, however, 
inevitably possesses a ceriain amount of self-inductance. In addition, tlu* movement of the coil 
in the field of the pot magnet sets up in it an induced E.M.F. This E M.J"'. is actually in the 
opposite direction to the back E.M.F. of self-induction, and so h.i^ the same effect on the impedance 
if the coil possessed a certain amount of capacitive reactance. The corresponding capacity is 
called the “ motional rapacity." 

The increase of inductive reactance with fiequenry, and the consequent increase in impedance, 
has the effect of lechicing the current for a given voltage inpiu to the jiowei stage as the frequency 
increases. This would lead to attenuation of the liighei frequencies, but it seems to be compensated 
for to a large extent by the fact that the conical diapliidgin, in addition to its axial vibration as a 
whole, undergoes elastic vibrations of its malerial ;t tlu‘se Irequencies. 'Jlie number of possible 
vibrations of this type is wry large, and the complicated mecli.iiiical resonances pioduced combine 
to give a fairly iinifoim output at high fieqiienries 

Moving coils are either wound with many turns of fine wire, in whidi rasi* they are said to be 
high impedance ” coils, or with a few turns of thicker wiie which can cany a larger cunent. 
The latter are known as “ low impedance ” coils. Foi releienrc puri)oses, an average effec¬ 
tive impedance at about 1,000 or 800 cycli S/S(‘Cond is usually quoted, although, as pointed 
out above, the arUial impedance vaiies with the fiequency This avi‘iage impedance is 
*about twice the D.C resistance of low impc^daiice coils, and four tinu'S the D C. resistance of high 
impedance coils. 

It was shown in Section ¥ that, foi maximum undisloited power in the output impedance, 
the latter should be twice the A.C, resistance of the associated va]v(‘, if a Inode. It is thus of great 
importance to ensure that the valve and loudspeakei are corn ctly inatdud. Apart from the loss 
of power, higher frequencies are attenuated if the It)uds]X‘aker iin]n‘dancc is loo large, for its varying 
impedance wdth frequency then produces a greater propnilioiial effect in varying the total impedance 
of the stage. The value of transformer coupling in alleriiig tlic dfective impedance of the output 
so as to give the correct ratio, was pointed out in jiaiagiupli 47. Hus lyjje of ctmpling also carries 
out the necessary function of pi eventing the steady anode cun tut from ll(»wiiig through the moving 
Xoil, and, if it is not employed, a choke filter circuit must b(‘ inserted in its stead 

When a pentode output valve is used, the impedance of tJic loijds])caker will generally be 
considerably less than that of the valve, and so a very unilorm frt'quency response may be expected. 
If the loudspeaker impedance is too low^ the power output will be inefficient, and if too high, the 
voltage developed may damage the valve and frequency distortion may also arise. The manu¬ 
facturer's instructions in any particular case should llu iefon* carefully followed. 

55. Moving Iron Loudspeakers. —These may employ either a “balanced armature/' “reed " 
or “ inductor " drive. 

The principle of each of these drives is the same. A small, light, soft iron armature is suspended 
ih the magnetic field of a permanent magnet, and attached to the loudspeaker diaphragm. A coil 
of wire (or two coils in series) is wound round the yoke of the magnet, the ends being connected to 
the loudspeaker teiminals. 

The audio frequency (speech) currents from the amplifier pass through the loudspeaker winding, 
and so give rise to corresponding variations in the flux from the magnet, which, in turn, vary the 
force exerted by the magnetic field on the iron armature, thus causing it to vibrate together wiUl 
the loudspeaker diaphragm in approximate accordance with the speech current oscillations. 
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In the “ reed ” drive, a metal reed is securely fixed at one end so that it lies close to but just 
not touching the poles of the loudspeaker magnet. The diaphragm is attached to the free end of the 
reed. Variations in the magnetic flux density cause the reed to bend to a greater or less extent, ai^ 
so to vibrate about its fixed end. With this type of movement, care must be taken that if any 
direct current is allowed to flow through the windings it flows in the direction which increases the 
flux of the permanent magnet. This is usually indicated by the terminals of the loudspeaker being 
marked + and —. 

In the “ balanced armature type of drive, the armature is suspended in the centre, and the 
magnets are so arranged that their initial pull on the armatuie is practically eliminated, the latter 
being affected only by the variations of the magnetic flux due to the oscillatory speech currents. 
This method enables the armature to be more freely suspended than in the reed '' type, resulting 
in more uniform reproduction and a greater response to the lower audio frequencies. 

On the other hand, any direct current flowing through the loudspeaker windings will have a 
greater tendency to pull the armature over on to the magnet j)oles. Hence, with this type of loutf- 
speaker it is always advisable to use a choke-filter or transformer coupling between the amplifier 
and the loudspeaker. 

In the “inductor " type of loudspeaker, the iron armature is supported in a manner which 
allows considerably greater freedom of movement than is possible with either the reed or balanced 
armature type of loudspeaker. Instead of the armature moving towards and away from the poles 
of the magnets, it moves like a piston between two pairs of magnetic poles 

The cliief advantage of tliis type of speaker is that the freedom of suspension, combined with 
the large permissible movement of the armature, provides a better frequency response characteristic 
than that of other types of moving iron speaker, lliis type of loudspeaker compares favourably 
with an average cheap moving coil loudspeaker, both as regards sensitivity and quality of output, 
and has the advantages of lightness and cheapness, and also that no field energising current is 
lequired. As in the balanced aimature and moving coil types, no direct curient should be allowed 
to flow through the loudsjieaker windings. 

"^6. Loudspeaker Networks- Impedance Matching.—It is often necessary to feed a 

group (or groups) of loudspeakers through 
short lines trom an amplifier. The speakers 
may be joined at will in series-paral lel 
(combinations , but it is necessary to take 
account of the elfective impedance presented 
by the nctwoik in order to design the 
necessary impedance matching. Fig. 36 
shows four 5-ohm speakers connected in 
series-parallel, tlie whole presenting an 
effective impedance of 5 ohms. This com¬ 
bination could be matched to the output 
of an amplifier by means of a transformer 
coupling having a suitable transformer 
ratio. 

In general, there are three ruling considerations in the design of loudspeaker networks :— 

(а) The impedances of all groups in parallel should be equal, unless unequal distribution 

of the volume of sound is definitely required. 

(б) The impedance of each loudspeaker in any series leg should be equal, unless it is desired 

to supply some speakers with more power than others. 

(c) Moreover, if all loudspeakers axe to receive the same proportion of the total power, 
their effective impedances must be equal. 

li these considerations are not observed, some speakers will have a high-pitched tone and others a 
low pitched one. For example, if two 5Hohm5 speakers are connected in series and placed in parallel 
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with a 10-ohm one, conditions (a) and (6) above are satisfied, but condition (c) is not fulfilled and the 
5-ohm speakers will each receive half the power of the lO-olim one. 

^ It is sometimes desirable to depart from these rules in order to adjust the distribution of tone 
and volume Limoiig the loudspeakers. In the first instance, it is usually better to arrange speakers 
to give equal results, modifying the ariangement later, if necessary. 

If the effective impedance of a loudspeaker is increased (or its tninsfoimer step-down ratio 
increased), the volume will be decreased and the tone will become more mellow (less brilliant), 
and vice versa. WTien adjusting the impedanc-^ of individual sjieakers, it i.s iinpf)rtant to preserve 
the total effective impr dance at its correct value. It may not always be possible to maintain 
the impedance at exiictly its coiieet value, but, in practice, llie matching will be good enough if it 
is within 50 per cent, of the roriect value, fhe u.se of Itio high an impedance reduces tjie higher 
audio-frequencies and lenders reproductidi relatively mellow, he use id too low an impedance 
accentuates the higher audio-frequencies and lenders tie* npioduction relalively brilliant. From 
the point of view of oblaining maximum vohinu*, the u.se of too high an effective impedance has a 
less dcletcriou.s effect Uian tlie use of one which is too low. 

Fig. 37 {a) represents three .spe^ckers of diffeienl impedance, each with its own transformer 
having a suitable step-up raiio so that the effective i^iad }>iesented to the load end in each case is 
12,000 ohms. The total load presented to the ainp’du*! in that case would be 4,000 ohms. 

Fig. 37 (6) shows two speakers nf diffeient impedance, each coiiiKaded to th(' same transformer, 
the latter having tajipings providing the requisite transfoimei ratio ; eaeh spi-aker, .singly, produces 
an effective impedanre of 12,000 olmis across A and H, the two in parallel being equivalent to 
6,000 olims. 
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In the above discussion it has been assumed that tlie loudspeaker groups are in the immediate 
neighbourhood of the amplifier. WTien the distance between the amplifiers and loudspeakers 
exceeds 100 yards, the resistance lo.ss in the leads is likely to be sufficient to cau.se appreciable 
attenuation of the signal, and considerable distortion may be introduced. Simple impedance 
patching is not sufficient, and recourse must be had to the complexities of A/F “ line worlang/' 

57. A/F Line Working. —In practice, cable links—here called lines —of var 3 ang length 
are often required to carry currents at audible frequencies ; they are required whenever it is necessary 
to connect up two units situated in different places. Practical instances are to be found in any 
outside broadcast," or in any complex public address system, such as that organised in 
Dockyards during Navy Week, etc. Lines of varying length are required to connect first stage 
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amplifiers to main amplifiers, main amplifiers to loudspeakers, radio receivers to main amplifiers, 
etc. Examples of shorter lines include those connecting gramophone pick-ups and main amplifiers, 
or the photo-electric cells and first stage amplifiers of talkie installations. ^ 

In line work it is common practice to refer to the end of the line at which power is supplied 
as the generator end, and the end of the line at which power is supplied from the line to the load 
as the load end. 

Lines may consist of twin core or single core cable, and, in general, the constants (resistance, 
inductance and capacity) are uniformly distributed along the length. For the present purposes, 
a short line may be defined as one in which the distributed inductance, resistance, and capacity, 
may be regarded as concentrated at one i)oint without introducing serious errors. The attenuation 
produced by the line depends on the frequency, an effect which accounts for “line distortion." 
The effect becomes more jironounccd when the length of tlie line becomes conunensurate with the 
wavelength corresj)onding to the mean audio-frequency. It is, therefore, a matter which can be^ 
partially mihgaterl by taking the u.sual steps to prevent “line resonance," i.e., matching to the 
surge impedance at the generator and load ends of the line respectively. The average surge 
impedance for twin coic cable is between 150 and 200 oluns, but may be as high as 300 ohms (R.37). 
In general, the altemiating effect of the line may be neglected with short lines up to about 30 ft. 
in length, the load impedanre being directly matched to the generator end. Lines longer than about 
30 ft. should be made into non-re^onant lines by careful matching of the impedance at each end. 

58. Short, High Impedance Lines. Effect of L, C and R-—The three main factors affecting 
short line woik are the series resistance, series inductance, and the shunt capacity. 

3Tie series resistance offers a uniform impedance at all frequencies ; typical values for single 
or double core cable range from 1 to 1 - 5 ohms per 100 ft. The series inductance offers an impedance 
to the line cun ent which varies directly with the frequency ; for most samples of cable the inductance 
is of the f)nler of 20 mics. per 100 ft. The shunt capacity provides a by-pass for the line current, 
the impedance of which varies inversely with the frequency. In the case of single core cable, an 
average value of capacity is 0-00(i microfarad between wire and earth ; it is about 0-004 microfarad 
between wire to wue in the case of twin core cable per 100 ft. 

The magnilude of llie elf('cl of these impedances on the line currents will depend, almost 
entirely, on the relative size of the effective generator and load impedances. 

The impedance's olfeied by the series resistance and inductance respectively, wiU have less 
effect when eitluu, oi both, of the generator and load impedance are high in comparison. As a 
rough wujking rule, the gejieratui or load iiiijiedance should be at least twice the impedance offered 
by the induclaiice oi resistance at the highest frequency that it is desired to transmit. 

The shunt ca|)aeity will htive less effect when either, or both,.of the generator and load impedances 
are low in comparison. As a similar rough working rule, one might state that the generator or 
load imi)edances should be less limn half the impedance uf the shunt capacity at the highest frequency 
that it is desired to transmit. Foi short lengths of cable (a few feet only), the capacity of most 
cable offers an imjiedimee of not le.ss than 500,000 ohms* at 8,000 c 3 Tles/second. For lengths of 
cable up to 30 ft. or so, the .shunt capacity is about 25,000 ohms at 8,000 cycles/second. For lengths 
up to about a quaiter ot a mile, the shunt capacity offers an impedance of about 500 ohms at 8,000 
cycles/sccond. 

Example (a ).—A line feeding a 10-ohm loudspeaker will have little effect on the 
reproduction provided that the resistance of the line is not more than 5 ohms, and the 
impedance of the indnrtance at 8,000 cycles is also not more than 5 ohms. What is the 
maximum length of cable that can be used ? The cable constants (twin core) are L = 20 
mics. per 100 ft., and R — 2*6 ohms per 100 ft. of double cable. 

It is evident that 200 ft. of cable has a resistance of 5-2 ohms, and an inductance of 40 mics.— 
giving a reactance of about 2 ohms at 8,000 cycles/second ; the reactance for the double cable 
would amount to about 4 ohms. 200 ft. is. therefore, the greatest length of this type of cable that 
should be used to feed a 10-ohm loudspeaker ; if a 5-ohm loudspeaker is used, only half this length 
is permissible. Owdng to the low value of the load impedance, the effect of the shunt capacity is 
negligible. 
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Example (6).—5-ft. length of cable connects a photo-electric cell (of average imped¬ 
ance about 20 megohms) to the coupling resistance in a lirst stage amplifier. What is the 
maximum value of load resistance that will enable all frequencies up to 8,000 cydCwS/second 
^ to be transmitted without appreciable attenuation ? The cable constants are C = 0-002 
microfarad per 100 ft. and L = 20 mics. per 100 ft. 

The shunt capacity of 5 ft. of cable is, theielore. U-UOUl iniciolaiad, and the lOLiclancc of this 
capacity at 8,000 cycles/second is 200,000 ohms. IJeiice, the load rebislancc must not exceed 
about 100,000 ohms, m order to prevent the iirpedance of the line from having a controlling effect. 
Owing to the high values of the load and geiierator impedances, and to tJie slioit length of the con¬ 
necting cable, the effect of the series inductance and rcbistaiice will be quite negligible. 

Fig. 38 represents a simple direct link between a gencraloi. ul elfective nniiedance 20 Mtl, and 
a load of about 250,000 ohms. The line is shovrn as single cote screened cable, and the reactance 
(jf the shunt capacity should not be less than about 350,000 ohms. 
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59. Longer Lines. Low Impedance Lines. For lines over 30 ft. in leiigih, the imjxidance 
rapidly falls, and all such lines are best treated in tlm nnn-resonant slate, a maUei involving imped¬ 
ance matching with tlui singe imj)ediincL* at enrh end. J^'ig. 39 repn^sf^nls a typical low impedance 
line, and gives the neeessaiy inijiedance matching arrange!nent.s. 'Die i hc'rtivf' n'sistaiux* of the 
primary of transformer Tg is 5130 ohms ; lesistances K, and Ko ^ire 1,000 olims each, anrl their effect 
is to lower the total shunt impedance to about 250 oliins and assist the line in maintaining a 
uniform frequency response 

60. Effects of Electrostatic Pick-up and Extraneous Noises. -AH lines are liable to 

pick-up noises from stray electrostatic and electro-inagnetn’ li^lds. Higli inijHMlance lines are more 
susceptibk to this pick-up than low impedance lines. Likewise, lines in wliirli one conductor is 
earthed and the other is “live “ are moie su.scej)tible tlian twin core cables wdiirh are balanced to 
earth, i.e., where the transformer windings at the ends of tlie line are centre tapjjed (Fig. 39), the 
centre tap being earthed ; or, alternatively, where the terminal impedances consist wholly, or in 
part, of centre tapped resistances, the centre ta]» bi*irig earthed. 

Both electrostatic and electro-magnetic pick-uj* is greatly reduced by the use of screened 
^pable, i.e., single core or twin core cable surrounded by linried cuj^per braiding wliich must be well 
"^earthed at both ends (Fig. 39), and, in the case of luiigei liiie.s, at several intermediate points. 

It will normally be quite satisfactory in the case of high nr medium impedanre lines to employ 
single core screened cable, the metal biaiding being used as an earth retuin as well as a serf en. For 
the longer low impedance lines, however, twin core screened cable should be used, and the two 
conductors should be balanced to earth by employing transformers with earthed centre taps. The 
screening must, of course, also be well earthed at both ends and at several intermediate points. 
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61. Long Lines. —In the case of lines exceeding half a mile or so in length, the inductance and 
capacity of the cable cannot be considered as concentrated at one point but must be considered as 
distributed uniformly along the line, or, as an approximation, concentrated in groups at points not 
more than about one mile apart. The treatment of this subject is a highly specialised one, and wilt 
not be further considered here. 


62. Gramophone Pick-ups.— A gramophone pick-up is, essentially, a device for converting 
the mechanical vibrations of a giamophone needle into corresponding electrical oscillatory voltages 
which are capable of being subsequently amplified and reproduced by loudspeakers in the form of 
sound. These eleclro-meclianical devices may be classified in a manner similar to that employed 
in the case of microphones and loudspeakers (paragraphs 9 and 50). Representatives exist in each 
of the classes, but most modern pick-ups belong to the following three types :— [a) moving-iron 
armature pick-ups, including “ needle armature ” pick-ups ; (6) moving-coil armature pick-ups ; 
and (c) electrostatic pick-ups working on the condenser microphone principle. ^ 

Fig. 40 (fl) represents a moving-iron pick-up. A light soft iron armature (A) is pivoted at (B) 
in a .small gap between the pole.s (P) of the permanent magnet. Around the yoke is a winding 
(C) of fine wire, the ends of which are led away to the pick-up terminals (E) and (P'). A gramophone 
needle is secured as shown, and as il runs in the groove on the record, it produces corresponding 
vibrations of the armature about its j)ivot ; a record groove wobbles radially and riot vertically, as 
is sometimes supposed. The vibrating armature causes variations in the magnetic flux which, in 
turn, give rise to corresponding back E.M.P's. in the pick-up winding (C). In the needle armature '' 
type of pick-up, the needle itself performs the function of the armature. 

In moving-coil pick-ups, the needle is attached to a small coil of wire pivoted between the poles 
of a permanent magnet, the ends of the roil being led away to the pick-up terminals. The principle 
is that of a moving-rr)il inicnqdione (paragraj)h 11), the vibrations of the coil causing corresponding 
E.M.Fs. to be set up in the coil itself. Moving-coil pick-ups are not yet used to any great extent, , 
and most commercial pick-ups are of the moving-iroii type. 

In all cases, the voltages d(*vc‘loj)ed across the piek-up terminals should, in the ideal pick-up, 
correspond exactly with the original vilnatioiis cut into the record. The average pick-up has a mean 
output of about 0-5 to 1-5 volts R.M.S. on a normal record. Some pick-ups have an output of 
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2 or 3 volts, and with these care must be taken not to overload the first valve of the amplifier; 
others, including^ needle armature pick-ups, have an output of the order of two or three hundredths 
of a volt only. The output from a pick-up is always applied to an amplifier, through a suitable 
impedance matching system ; pick-ups of the latter type require more amplification than others. 

TONE CONTROL WITH Gl^MOPHONE PICK-UPS.—In cases where a pick-up con¬ 
stitutes a part of an R/T recei^'cr, the tone controls incorporated in the lattei may be made to serve 
also for the radiogram. A certain fixed amount of tone control is, howevei, usually included. 

Fig. 40 (6) shows the pick-up connected directly to the input of a triodc It will be seen that, 
since the impedance between grid and filament is very large, the curient flowing in the circuit will 
be negligible. Hence, there will be no appreciable voltage droj) across the windings, represented 
by inductance L, and the voltage applied to the grid of thr valve will be the same as the voltage 
E produced in the pick-up ; this will be approximately tnu‘ t l ah audio-frequencies. 

^ Fig. 40 (c) shows the same circuit with a shunt lesistence R connected acro.ss the pick-up 
terminals. A current will now' flow^ round tin* circuit, and there will be a voltage droj) across the 
inductance L. Under these conditirms, the voltage wull bt‘ less than E. Moreover, since the 
voltage drop across the inductance L wall be gr(‘aler for the liighi i audiu-li eqiicncies than for the 
lower ones, it follows that, for a given value of K, the value of wall be siUliHi'i at the higher audio¬ 
frequencies Ilian at the Iowti ones. Hence, the uppf'r musical legislei wall be reduced to a greater 
extent than the lowei one, and the lone wall beconu mellow and less haish. If R is too small, the 
upper musical register wall be reduced hO imich that definition will be lost, biilliance will be lacking, 
music wall be woody and speech dnimmy and indistinct, the consonants and sibilants being almost 
entirely absent (paragraph 42). 

The extent to whicli the higher audio-frequencies are reduced will also depend on the value of 
the inductance L. Other things being equal, the greater this iiuhu'taiir(‘, the greater will be the 
attenuation. That is to say, a given value of shunt nvsistaru'e R will causi' a greater reduction of 
the upper musical icgister w'itli a high inductance ])ick-up tliaii W'ill be the case walh a ])iek-up of 
medium or low^ indurtanee, ldck-uj\s having an induclaiice ol about 5 liemies are usually known 
as “ high impedance ” i)ick-iq)s, those with W'lndings of inductance about 0-5 henry being known as 
" medium impedance " pick-ups. 

A similar but more marked effect is produced if a small capacity is shunted across the pick-up 
terminals in jilace of the resistance R, but in this rase a resonant jieak is foiincd at a frequency 
determined by this rapacity and the iiuh'ctance of the windings, llie lesonant frequency is lower 
with high impedance jiickuips tiian with medium impedance ones ; this lesonaiice may sometimes 
be used to produce a pick-up having uniform response up to the i esonant fi rqueiicy. Shunt capacity 
may be introduced intentionally, as in some needle scratch filters, oi it may be inlioduced uninten¬ 
tionally by the use of long leads betw'eeii the j)irk-up and the ain])lirur, or by the use of a pick-up 
transformer of too high a ratio. 

From the above it is obvious that a vaiiable resi.stance connected acioss the terminals of a 
moving-iron pick-up may be used as a form of variable tone contiol. 

NEEDLE SCRATCH.— Needle scratch is caused by the needle point rubbing over the fine 
abrasive compound contained in tlie surface of the lecord. Its particles impart a series of shocks 
to the needle at small and irregular intervals. Analysis of the " noise " shows that it consists 
mainly of frequencies between 4,000 and 6,000 cycles j)er second, extending downwards to 3,000 
or 2,000 cycles per second with old records. The frequencies in the neighbourhood of 3,000 to 
4,000 cycles arc responsible for a coarse, harsh scratch, those between 4,000 and 6,000 cycles 
producing a finer hissing noise. 

Needle scratch is greatly accentuated by the armature resonance which exists in most pick-ups ; 
the needle and armature have a natural frequency of oscillation, often at about 4,000 cycles per 
second. The nett result is a marked increase in the strength of harsh needle scratch, with 
predominating frequencies in the neighbourhood of 4,000 cycles per second. 

High note attenuation affords a partial cure for needle scratch, but electrical filter circuits are 
also used, the object of which is to produce a dip in the frequency response characteristic at the same 
frequency as the peak caused by armature resonance. If the dip is equal in magnitude to the peak. 
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the overall result will then be a tolerably uniform response characteristic. A dip in the characteristic 
can be produced by connecting an acceptor circuit, tuned to the required frequency, across the 
pick-up terminals. ^ 

63. Typical Modern Superhet Broadcast Receiver. —Fig. 41 represents the simplified 
theoretical diagram of an R/T receiver including most of the features typical of the cheaper modern 
broadcast sets. The receiver is designed for all-mains operation and is provided with five valves, 
including rectifier. The aei ial is inductively coupled to a band-pass filter having two tuning ranges ; 
the filter employs a mixed coupling in order to keep the band of frequencies passed constant in 
width at all frequencies. 'J'lie band-pass circuit feeds a heptode frequency changer (1), which is 
controlled by the A.G.C line, the output being coupled through a 125 kc/s. I/F band-pass circuit 
to a variable mu screen grid I/F ampliiying valve (2),also controlled by the A.G.C. line. The output 
from valve (2) is I/F band-pass coupled to a double-diode-triode (3), which combines the function.^ 
of second detector, first A/F .stage, and also provides the A.G.C. negative bias. This stage is 
resistance-capacity coupled to the high slope pentode output valve (4), designed to give an output 
of about 2 watts in the case of most domestic R/T receivers. In this case, provision is only made for 
amplified delayed A.G.C., but Q.A.G.C. could easily be provided, in addition, in the way indicated 
in Fig. 30. 

The receiver could be designed with four controls— [a) a single knob tuning control; (&) a 
volume control, operating both on radio and gramophone ; (c) a master switch—gram., M.W., L.W., 
and off; and (rf) a tone contiol operating both on radio and gramophone. The two frequency ranges 
which are normally provided are the 150-300 kc/s. range (2,000-1,000 metres, and usually labelled 
L.W.), and the 545-1,500 kc/s. range (550-200 metres, usually labelled M.W.). In Service nomen¬ 
clature this covers most of the M/F wave band, with a gap in the middle. Many receivers now 
contain a third range to include the stations working on H/F. 

The aerial input is mutually coupled to the fdter by coils (5) and (6), provision being made for * 
the neces.sary increase in coupling at the low^er frequenrics. Condenser (7) may have a value of 
about 0'0005[iF, and its object is to reduce the elective capacity of the aerial, thereby rendering 
the condenser (8) more effective as a tuning control. With the ordinary commercial receiver, it is 
most desirable that the tuning should be as independent as possible of the nature of the aerial to 
whicli tlie set is attached. If the capacity of condenser (7) is increased, the strength of the signals 
will also increase ; at the same time the aerial load will iiiciease, and the nett effect will be to make 
the whole circuit less selective. The smaller the condenser the more selective will be the circuit; 
the lowest jjractical si/.e of this condcn.scr is about O-GOOlfiF. 

Coils (9), (10), (11) and (12), with large condenser (13) of capacity O-OGfiF, constitute the 
mixed coupling of the band-pass filter. The mutual inductive coupling is most operative on the- 
higher frequencies, the common capacity coupling (13) is most operative on the lower frequencies, 
and the nett effect is a partial levelling out of the coupling over the whole frequency band ; with 
suitable care and design it is possible to pass only a band of frequencies of constant width. Additional 
coupling at the low frequency end of the range is provided by coil (14). For the wave ranges 
indicated, the maximum value of condensers (8) and (16) (and the similar condenser in the secondary 
circuit) will usually be 0*0005p.F, with a coil of about 180 mics. for one range, and one of about 
1,860 mics. for the other. The conden.ser must produce an effective variation in capacity of 10 : 1 
on the M.W. band, and 4 : 1 on the L.W. band. 

The heptode frequency changer (a tetrode in series with a triode oscillator) employs the normal 
circuits, the election coupling being used to “mix” the two frequencies. The self-oscillatoi^- ' 
circuit (15) and (16) consists ol an ordinary “ reversed feed ” oscillator, with a tuned circuit between 
grid and cathode. Condenser (16) is the third condenser of the gang ; for medium wave frequencies, 
the lower half of coil (15) is short circuited. Components (17) and (18) constitute a grid leak and 
condenser combination which improves the efficiency of the oscillator by providing a small negative 
bias on the oscillator grid, and also helps to stabilise the frequency (R. 38). The anode feed resistance 
(19) provides the requisite P.D. between the oscillator anode and earth. Resistance (20) in scries 
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with (21), (31), and (32), forms a potentiometer across the H.T. supply, and maintains the screen 
of the tetrode at the requisite potential; resistance (21) is by-passed by condenser (22) to prevent 
any high frequency P.D. from existing between the screen and cathode. Components (19) and (23) 
together form a decoupling resistance and condenser, and components (24) and (25) supply t^il 
heptode with automatic negative grid bias, by maintaining the cathode slightly positive with 
respect to earth. 

The heterodyne frequency produced by the triodc oscillator is always higher than the signal 
frequency, and the frequency difference is adjusted to be that to which the I/F amplifier is tuned. 
For example, when receiving London Regional on 877 kc/s., the triode oscillator would be set at 
902 kc/s., giving an intermediate frequency of 125 kc/s. It may here be noted that an image 
signal from an unwanted station on 1,027 kc/s. cun also produce the same intermediate frequency 
arid would therefore be received, unless very highly selective circuits are used. In certain cases, 
special arrangements arc made to suppress second channel interference of this nature. 

The tuned transformer band-pass output impedance applies the band of intermediate 
frequencies between grid and cathode of the variable inu screen grid valve. The feed to the control 
grid is direct, the feed to the cathode being through the A.G.C. bias resistance (26). Automatic 
grid bias at tliis stage is provided by components (27) and (28), the control grid being also joined 
to the A.G.C. line. Resistances (29), (30), (31) and (32) together constitute a potentiometer across 
the H.T. supply,and seive to supply the necessary positive potential to the screen grid ; condenser 
(33) acts as R/F by-pass. 

The output from valve (2) is applied to the three-purpose valve (3) by the tuned transformer 
band-pass output impedance. The cathode and anode A^ constitute a diotlc, and their attached 
circuits are of the conventional type described more fully in paragraph 27. The A/F output 
is obtainable across the load resistance (34), and is applied between cathode and grid of 
the triode portion of the valve. The lead to the cathode is direct, but that to the grid lies 
through the two parallel circuits constituting the volume control and tone control respec¬ 
tively. The amplified A/F signals are passed on to the pentode output stage through a resistance- 
capacity coupling. 

Delayed amplified A.G.C. is obtainable by means of the circuits attached to the cathode and 
anode A 2 . These are the same as those described in Fig. 30. With no input signals, the returning 
space current flowing throiigli resistance (35) makes the cathode positive with respect to the anode 
A 2 which is earthed. Resislance.s (31) and (32) form part of a potentiometer across the H.T. supply 
and correspond with resistance (2) ol Fig. 30. No A.G.C. grid bias is available across (26) until 
the signal input exceeds the critical value wdiich is determined by the magnitude of the delay 
voltage. 

The volume and tunc controls are circuits of essentially the same nature connected in parallel 
across the load resistance (34). llicre is, however, the difference that the P.D. available across’- 
the VC circuit is arrangt‘d to be substantially independent of the frequency for all settings of the 
control, while that available across tlic TC circuit varies with the audio-frequency. 

The volume control consists of a variable resistance (36) of value 0-5 megohm in series with a 
fixed condenser (37) of value 0-1 microfarad. With full resistance, there is sensibly no difference 
between the imj>edaiicc of the circuit at 1,000 and at 10,000 cycles per second ; with no resistance, 
the reactance of the condensei only varies from 160 ohms at 10,000 cycles ohms at 1,000 

cycles. The tone control circuit consists of a variable resistance (38) 0-5 n series with a 

fixed condenser (39) 0-0005 microfarad. In this case, with fuU resistance Ihl.. is an appreciable 
difference between the impedance of the combination at 10,000 cycles and at 1,000 cycles, the 
values Ixiiiig roughly 0-5 megohm and 0-6 megohm respectively. With no resistance the difference 
is relatively very considerable, being about 0-03 megohm at 10,000 cycles and 0-3 megohm at 
1,000 cycles ; tliis setting of the tone control would be attended by drastic attenuation of the higher 
audio-frequendes, for any setting of the volume control. 

The input to the high slope pentode output valve is quite normal, resistance (40) constituting a 
grid leak, the grid being held at a small negative potential with reference to the cathode, which is 
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earthed by means of the potentiometer resistance (31) . Anode feed resistance (41 ) supplies the neces¬ 
sary potential to the priming grid, the latter being held at the same oscillatory potential as the 
cathode by means of condenser (42). The output is translormer coupled to a low impedance moving- 
Qjiiil loudspeaker, tlic field coils of the latter acting as a smoothing choke in the rectified D.C. supply. 
Across the primary of the step-down translormer is a tone control circuit (43) and (44), the function 
of which is to attenuate the higher audio-frequencies which tend to be over accentuated with the 
high impedance pentode output. 

Provision is made for the gramophone pick-up, and resistances (45) and (46) constitute a 
fixed tone control (paragraph 62). 

The rectifier is an ordinary full wave circuit, condenser (47) being of the large electrolytic 
type and of value B-OfiF Heating current to the filament is obtained from the winding aft, a 
hum dinger (48) also being jiruvided. The latter consists oi a potentiometer, of value about 50 
ohms, coniUTtcd arrr)ss the heater supply, the sliding contact enabling the earth connection to be 
;.l!pplied at any point. In any model, owing to constniclionai il fiiculties, the lead from the grid 
of an A/F stage is likely to be nearer to one heater lead (saj a) than to the other. 13y capacitive 
coupling the nearer heatei lead will tend to affect the potential of the grid more than the further 
one, and the object ol the adjustment of the hum dinger is to increase the effect of the further 
lead, which is in anti-phase, until the two effects balance out. In practice, it is seldom possible to 
eliminate all hum, but it ran be consideiably reduced 

For the purposes of simjilificatiou, all sc reening ^lijnmiug condensers and details of switches 
have been omitted from the diagram. Scn eiis should surround the tuned liansformer I/F output 
stages, and screened cable slionhl be used foi the aerial input, the lead frojn the band-pass filter to 
the heptode, and in the A/F input lead to the triode portion of valve (3) ; the leads from the pick¬ 
up should also be screened. 


64. Sensitivity, Selectivity, Fidelity.—The relative behaviour of different broadcast 
receivers may be assessed riuinerically and expressed in terms of their sensitivity, selectivity, and 
fidelity. 

SENSITI\TTY.-“3'hi.s r(’])iesents the n-lative ability of receiveis to lespond to small input 
signal voltages. It has been .iibitiaiily defined as the sign.il injail, usuall)^ expressed in microvolts, 
which must be developed in a stanrlaid aerial in order to produce an output of 50 milliwatts, when 
the carrier is modulated 30 per cent. aL a frequency of 4()0 cycles. 

Fifty millwatts is a very small output for loudspeaker puri)oses, and w^as chosen originally 
because it is considered to be the smallest one to have any loudspeaker piogiamine value (App. 
A5). A set of sensitivity 100 microvolts would not give satisfactoiy reception if that were also the 
^value of the signal voltage input ; an output of about 1 wait is to be jueferred (twenty times the 
conventional 50 milliw\atts), for which an injmt of 100 X v/20 = 447 (jlV will be needed. 

Sensitivity is measured with the volume control set foi maximum volume, and the receiver tuned 
to give maximum response at the frequency in use. 'Jhe signal is injected by means of a calibrated 
signal generator, now usually part of tlu‘ equipment of any radio service engineer. In order to 
have a basis of comparison which may represent the performance of the I eceivei vlien attached to an 
aerial, the signal generator is not attached dnetlly to the set but applied in series with a standard 
dummy aerial, having the constants L — 20|ili, C -- 200fifjLf, and K = 25 ohms. 

The sensitivity of a receiver cannot be usefully increased beyond a certain limit unless the 
selectivity also becomes greater. If the sensitivity is strong enough to give reception of weak 
'Stations previously missed, the selectivity must be great enough to keep out the powerful 
local stations. It is in this respect that the superheterodyne type of receiver scores over 
the older “straight" sets. The presence of much man-made static provides a second 
reason setting a limiting value to the useful sensitivity of a receiver. In big cities, the maximum 
usable sensitivity is of the order of 100|iV, if the requisite signaKnoise ratio is to be maintained 
(App. A9). 
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Some idea of the sensitivity of various receivers may be gained from the following table of 
average values;— 


Type of Set. 

Maximum Sensitivity. 

Simple sets, con.sistirif^ nf a df U etnr anti output valve 

100,000 to 200,000 |iV, 

Straight acts, with one J^/1' stage .. 

2,000 |xV. 

Straight set.s, with two R/F siagi s 

20-100 M-V. 

Simple superheti'Triflynp sets 

50-250 \lY. 

Superhetcrorlyiic sc^is, with one A/F slagt .. 

5-20 (iV. 

Superhetcrodync.s foi u.sc in cars, etc. 

About 1 [xV. 


Most of the cheaper supcrhet broadcast receivers have sensitivities between 50 and 100p^\ 
Since efficient amplification becomes more difficult as the frequency increases, the sensitivity of a 
set usually decreases with the frequency and particular receivers may often have bad blind spots 
coveting a band of frequencies at which the sensitivity is very low. 

Care must be taken not to make unfair comparisons between the sensitivity of R/T receivers 
designed for loudspeaker reproduction and W/T receivers built for reception on telephones. The 
sensitivity basis of comparison for W/T receivers is usually quite different; the sensitivity 
of Service receivers is defined by the input required to give one milliwatt output after two stages 
of note magnification, using a earlier modulated 80 pei cent, at 400 cycles/sccond. Under those 
conditions it is found, in general, that the receiver gives a good R9 signal at the detector. In some 
tests with a Service W/1 leceiver, covering frequencies from 140 to 1,500 kc/s., the sensitivit}^ 
figuies range from 30 (jlV at the best to 12,OUOpV at the blind spots on the highest range. Using the 
broadcast standard sensitivity basis of reference, the above Service receiver, at its best, gives 

3 

a sensitivity of 30 x-g-X 50 — 80-0(jlV ; the comparison is, however, an unfair one, since the 

receiver docs not include the power A/F amplifying stages, and, on phones only, the Service receiver 
would show a figure relatively very high. 

SELECTIVITY. - fhe overall s(‘lLxtivity of a receiver is the mean of that due to its various 
circuits, and is a measure of its capacity to discriminate between wanted and unwanted frequencies. 
In the laboratory it is measured, at particular typical frequencies, by varying the input carrier 
frequency on either side of tliat to which the set is tuned, and adjusting the magnitude of the input 
signal to give the same output in all cases. 

Full results can only be expressed in the form of curves, but small characteristic pieces of 
information may sometimes be selected from the curves and quoted instead ; thii.s, if the requisite 
inputs at resonance and 9 kc/s. off it are lOpY and lOOfiV respectively, the requisite input may be 
said to be 10 times up (20 db.) at 9 kc/s. Selectivity may thus be given as a ratio of sensitivities 
at a stated frequency from resonance. 

When a superheterodyne receiver employs a low I/F, the selectivity would be expected to be 
at its worst at the image frequencies, and information referring to those frequencies (the second 
channel ratio), would therefore be most valuable. A Service receiver employing an I/F of 24 kc/s. 
was tested in this way. In that case, the image frequency was 48 kc/s. more or less than the signal 
frequency, depending upon whether the first heterodyne is tuned to 24 kc/s. above or below the 
signal. It was found, as would be expected, that there was a progressive decrease in selectivity 
towards the higher frequencies, since the constant frequency difference of 48 kc/s. becomes a smaller 
fraction of the signal frequency On the most favourable frequency (250 kc/s ), an interfering 
signal on the image frequency wou’d have to have been 60 dbs. (1,000 times) stronger than the 
wanted signal to give the same output. At the worst point (about 1,500 kc/s,) the difference was 
only 20 db. (10 times). Tests were also made on the same receiver at frequencies dose in to the 
wanted frequency they showed that for signals about I kc/s. off the tuning point, the necessary 
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icrease of strength was 6 dbs. (roughly tnice as strong), while signals at about 5 kc/s. away from 
resonance had to be 40 dbs. (100 times) stronger than the wanted signal before giving the same 
ojj^tput. 

In the above Service W/T receiver tests, an increase of 6 db. coiresponded roughly to one 
signal strength on the “ R ” scale. Including signals one signal strength down on that of the 
wanted frequency, the band width passed by the receiver amounted to 2*2 kc/s. Including 
signals 40 db. down, the band width passed was ?-2 kc/s. Selectivity is sometimes defined as 
“ the slope of the response curve, expressed in decibels/kilocyclcs per second, of the portion of the 
curve outside the band width of the rcreiver.*' In the case of the flat topped band-pass filters 
used in R/T receivers, the slope of the curve often amounts to a value of the order of 60 db. 
per kc/s. 

It may be noted that “ condenser tuning ” usually produces circuits the S(‘lpctivity of which 
decreases as the frequency increases For R/T it is advantar^i oiis that thi* selectivity should be 
tfic same at a fixed number of kc/S from resonance, whatever ihe resonant frequency may be ; 
with “ permeability tuning ” (F 20), the .selectivky of llie receiver incieases with iiuT(‘asing 
frequency, giving a result which is an apjnoach to ^he ideal for R/T woik. 

FIDELITY.—^I'his refers to the accuiacy with which the vaiii>us A/F modulating frequencies 
are reproduced by the receiver ; fidelity curves (Ajqi A8) aie a nieasuie of the frequency distortion 
Fidelity usually varies with the carritr frequency, and is ineaMiied in the laboratory by observing 
the change in output as the modulating frequenej is altcied, the ]X‘icentage modulation being 
constant. The perfect fidelity curve would be a straight line parallel to the X-axis. 

65. Privacy Systems of R/T,—Very many nudhods have been devised to remler difficult 
the illicit receipt of R/T mcs.sages. vSimple methods, such as wobbling the niriiei wave, or inversion 
of the sideband spr ctium, do not provide a complete solution of the piobliau. A method known as 

scrambling bered on frequency transposition by heteiodyin* action— is inurh nun e satisfaetoiy, 
but the equipment involved is highly romiilcx. It i.s not proposed to discuss any ol these privacy 
methods in detail. 

66. A Modern Low Powered H/F Broadcast R/T Transmitter. Fig. 42 rejiresents, 
diagrammatically, the electrical details of an R/T transmitter oi low power (about 100 watts in the 
aerial), designed to use an R/F carrier-frequency of the order of 3,500 kc/s. 3hr carrier is provided 
by a master circuit of conventional seiies-fed Ilaitley type ; ii'^ing a low inq^edance valve having an 
anode dissipation of 25 watts, condenser (1) had the value of I jar (max ), condenser (2) is 
120fipF, and grid leak (3) is 15,000 ulims. The output from tin* master is lonsi ly rapacity-coupled 
through condensers (4), and condenser (5), to the control grids of two pentodes (6) and (7), arranged 

^in push-pull. The pentodes have an anode dissipation of 75 watts, and tht‘ push-pull combination 
constitutes the main amplifier. 

Condenser (5) has a maximum value of 100(jl[jlF, and determines the voltage output from the 
master which is applied as input to the main amplifier. If this condenser is made too big, its 
reactance becomes relatively small; the oscillatory voltage across it will be much reduced and the 
input volts to the amplifier will also be small. Coujding condenst rs (4) have values of about 45ji.(iF ; 
in general, the figure i.s governed by the type of valve used as master. (C/. K.2B.) 

The arrangements for providing screen grid bias and the H.T. positive potentials on the anodes 
of the pentodes are quite standard in form, and need no explanation. 

Suppressor grid modulation (N.24) is employed. In the diagram, the A/F input is shown applied 
Ithrough a 200 ohm line to the primary of a 5 : I step-up matching transformer. The transformer 
ratio is determined by impedance matching considerations, and by the requisite peak value of the 
A/F modulating voltage. In this case, a peak output from the transformer of about 225 volts was 
required for modulation, and it will be as.sumed that the line is delivering an A/F input of 45 volts 
peak value, representing an output of about 5 watts, to the 200 line, from the microphone 
amplifier; in these circumstances a 5 : 1 transformer will be required. In addition to providing 
the requisite voltage step-up, the transformer is required to match an input inipedince of 5,000 ohms 
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to a line impedance of 200 ohiub ; resistances (B) and (9) together lower the shunt impedance of the 
line to about 200 ohms, and enable impedance matching to be achieved using a transformer, the 
step-up ratio of which lias been partially fixed by the considerations outlined above. In this prac¬ 
tical case the resistance (8) had the value 600 ohm.s, and resistance (9) was 7,500 ohms. The A/F 
modulating voltages arc applied to the suppressor grids in series with a steady negative bias potential. 
The value of the latter will depend upon the characteristics of the pentode in use ; in this practical 
case it amounted to 250 volts negative. It will be observed that the suppressor grid bias battery 
is also used to provide the requisite bias for the control giids. As already explained in paragraph 24, 
condenser (10) must not be too large, if attenuation of the higher modulating frequencies is to be 
avoided ; in this case a value of about 2 ■ 5 jars is suitable. This may be compared with the value c/ 
0- IpF for condenser (11). 

The output from the push-pull combination is applied by a magnetic coupling to the aerial 
circuit. The latter is provided with a condenser which may be joined in series or in parallel, 
optimum tuning being indicated by maximum current in the aerial ammeter ; the object of thig 
arrangement is to make the whole aerial system electrically equivalent in length to an odd number 
of quarter wavelengths (R.20) 
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EXAMINATION QUESTIONS. 

f.-How may speech-modulated H/F currents be produced in an aerial? Give a circuit 

^ diagram and explain its action. If a pure tone of frequency 500 cycles is impressed on 
the imcrophone, and the carrier frequency is 100 kc/s., show that the modulated current 
contains^ frequencies of 99,500 and 100,500 cycles/second. 

(C. & G., Final, 1936.) 

!. Explain the terms “modulated wave,” “ carrier wave “ and “side bands “ in use in wireless 
telephony. Give a diagram showing the apparatus necessary to convert a speech modulated 
wave into sound. 

(C. &G., L, 1927.) 

What is meant by a “ modulated wave “ ? Describe the “ anode choke “ method of modulating 
^ the high frequency currents in an aerial by sound waves. 

(C. & G., Final, 1927.) 

1. Explain clearly what you understand by the expression “ side band frequencies of a modulated 
wave." With the aid of diagrams, describe the action of an “ anode modulated, Class 
‘ C ' Amplifier." 

(W/T. 1, (Q), 1937.) 

). Why is modulation of a carrier wave necessary for transmission of speech frequencies ? Describe 
how modulation is achieved by one of the following methods : [a) Choke, (6) Series or 
Class “ C." What advantages has (6) over {a) ? 

(Warrant Tel., (Q), 1936.) 

5. Explain the action, with the aid of a circuit diagram, of either :— 

(а) the Heising constant current method of modulating, or 

(б) the anode modulated Class “ C " amplifier. 

State the reasons which make the employment of (6) preferable to [a). 

I. Why are Service W/T receivers generally unsuitable for high quality broadcast icccption ? 

(Warrant Tel., (Q), 1935.) 

J. Explain with diagrams, two methods whereby a valve transmitter can be modulated by speech 

currents. What is meant by depth of modulation, or percentage modulation ? How 
can this be measured in an actual radio-telephony transmitter ? 

(C. & G., Final, 1930.) 

Describe with diagrams, how a single side band radio telephony transmission is produced. 

State how the improvements in transmission due to single side band working are distributed :— 
(«) At the transmitter. 

(6) At the receiver. 

What is the theoretical improvement in each case in decibels ? 

What difficulties arise in applying single side band working to short wave services, and how can 
they be overcome ? 

(C. & G., Final, 1937.) 

10. —(a) Describe the action of the carbon and condenser microphones, and sketch a circuit by 

which either may be connected to a modulator valve. 

(6) Explain the meaning of side bands, and draw practical conclusions concerning the design 
of R/T receivers. 

(Qualifying for Lieut. (S), 1931.) 

11. Explain the action of a radio receiver when used to convert radio-telephony signals into audible 

speech signals. How does the sharpness of tuning of the receiver affect the quality of 
the speech output ? 

(C. & G., L, 19320 

M 



Section " N/' 


12. Discuss the principal causes of the imperfections in the reproduction of music which are likely 

to occur in a wireless broadcast receiver, but omit the acoustic imperfections of the loud¬ 
speaker. 

(IXE.,Nov., 1929.) 

13. Describe, with a sketch, the construction of a moving-coil type loudspeaker. Indicate in a 

diagram the direction of the magnetic flux in the magnetic system. On what does the 
force applied to the cone depend ? 

(C. & G., Pielim , 1935.) 

14. Sketch, roughly to scale, any form of telephone receiver or loudspeaker. Give some idea 

the magnitude of the currents and fluxes in operation. In what way does the motion 
of the moving part affect the impedance of the instrument ? 

(L.U., 1931.) 

15. Describe, with sketches, the construction of a high-power cooled anode valve for a short wave 

transmitter. 

Give a circuit diagram with a brief description of the output stage of a radio telephone trans¬ 
mitter designed to work on short waves. The output of the transmitter is 20 kW. earner 
power, which is fed 1o a balanced transmission line of 500 ohms impedance. If the trans¬ 
mitter is modulated 100 per cent., what is the maximum peak voltage across the output ^ 
(C. &G., I., 1937.) 

16. A carrier frequency voltage, e — A sin is modulated by a low frequency voltage, e ~Bsin pt 

The depth of modulation is M. If the modulator has a square law characteristic, derive 
an expression for the output from the modulator in terms of carrier and side bands. 

(C ^^^G,I., 1937.) 



PROPAGATION OF ELECTROMAGNETIC WAVES. 


1. The General Medium of Propagation.^ —In Section “ R it is shown that H/F currents 
in aerials produce a detachment of electromagnetic energy in the form of waves of the satne nature 
as light, a process usually called “ radiation," and one which may be directional in nature. 

This section is mainly concerned with a brief discussion of the phenomena that occur in the 
media betw’een transmitter and receiver. The account is in general terms, and it should be realised 
that not all Of the processes are well understood, and a more precise statement of many of them would 
involve concepts beyond the range of this book. 

The difficulty of conceiving a wave motion without a medium in which it is passed on from 
point to point, had led to the por jjlation of a non-material medium called the aether, which must be 
assumed to permeate all space, it should be emphasised that proper tics similar to those of material 
substances cannot be attributed to the xther, and the attempt to do so produces absurd results. 
The conception of the eether is merely another way ol saying that space, empty of all material 
substances, still possesses the property of allowing electromagnetic waves to travel through it. 

When it is considered as the vehicle of transmission of electromagnetic vibiations, empty spacer 
is generally known as “ free ®ther." All electromagnetic waves, no matter what may be their 
frequency, travel at the same speed in free ather. This velocity, as determined experimentally, 
is very nearly 3x10® metres per second, this figure being generally employed in wireless calcula¬ 
tions. The more accurate figure is 2-9982 x 10® metres per second. 

When electromagnetic waves are travelling through a material medium, e.g,, a brick wall it 
must still be considered that the actual medium in which they are propagated is the aether. Il is, 
however, no longer free aether, but is modified by the presence of the material occupying the same 
space. As a result, the transmission of the electromagnetic waves is also modified by the material, 
as in the case of light waves passing from one medium into another. 


2. Ground and Sky Waves.—In general, an aerial does not radiate energy at the same rate 
in all directions of three-dimensional space ; for example, in R.40 it is shown that an earthed 3X/4 
aerial, produces the most intense field at an angle of 45° to the horizontal. For the purposes of 
analysis, the total energy radiated into space may be divided into a “ ground ray *' and a “ sky 
ray"; these are sometimes known as the "direct ray" and the "indiiect ray" respectively. 
The direct ray is the one which follows the surface of the eartli; the indirect ray represents the 
remainder of the energy, which travels at varying angles upwards prior to its possible refieclion 
downwards from some reflecting medium. Important use is made of the latter ray in H/F trans- 
mission. 

As the distance from the transmitter increases, the ground ray—if present—grows weaker and 
weaker, ithe actual strength depending very much on the nature of the intervening surface of the 
eartV^ -'the frequency in use. For example, a station having a ground range of 1,000 miles 

V conducting surface, would have a range of 900 miles over sea-water, and one of 

j^er very dry soil. Moreover, broadly speaking, the lower the frequency employed, 
he ground ray range. This fact has been explained in terms of the tilting of the 
a process which teffds to make a wave follow the surface of the earth, provided 
h increasing distance from the transmitter, is commensurate with the curvature 
1.16). The tilting is greater the higher the frequency, a fact which accounts 
ance of the ground ray at H/F. 

frequencies, an increase in the power of the transmitter is accompanied 

-range of the ground ray; this effect is not always observed on H/F. Foli 

ray range of Rugby at 16 kc/s. is some thousands of miles ; whereas, a 

] kc/s. will only have a groimd ray range of a lew miles. The 13.B.C. 
*sions, employing arrays giving low angle radiation, and using frequencies 
achieve communication at great distances, but cannot, normally, be 


so 
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^ H/F transmission on low power, in spite of the disappearance of 
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the ground ray, that led to the discovery of the indirect ray and the various reflecting layers in the 
portion of space which has since become known as the “ ionosphere " (Section R.28). ^ 

3. Various Media—The Ionosphere. —Modem research has shown that, considering various 
levels with reference to the earth's surface, certain features characterise particular average heights 
above it, and make it clear that, in various ways, space is stratified or divided into media with] 
distinct properties. 

Up to an average height of about 10 miles, the actual height being greatest at the Equator and 
least at the Poles, the composition of the atmosphere remains approximately the same as at the 
surface of the earth, since air currents (winds) continue up to that height. The whole belt is known 
as the TROPOSPHERE, or region of change. The density of the atmosphere naturally falls off 
as the height increases, and the temperature falls to a minimum of about—68° Fahr. Above a 
certain critical height known as the tropopause," the temperature remains uniform throughout 
a narrow belt, and later begins to increase. The tropopause marks the top of the troposphere and 
jfhe beginning of the STRATOSPHERE, or region of calm. In the stratosphere, no intermixing 
ftakes place due to air currents, and the composition of the atmosphere varies with height; it 
^comes stratified, the lighter gases being present in greater proportions as the height increases. 
There is very little definite knowledge of the composition above a height of 50 miles. It probably 
contains a large percentage of helium. Above the top of the ozone layer, which is estimated to be 
at about 25 miles, definite inversion of the temperature gradient takes place and the warm belt 
begins ; at about 40 miles the temperature is estimated to be about 70° Fahr. Prof. Piccard's 
excursions into the stratosphere have, so far, been confined to its lowest strata. 

In considering wireless wave propagation, the electrical properties of the atmosphere are of 
more direct interest than its composition. Electrically, the belt from 12 to 50 miles above the 
earth is called the D " region, and in it there appears to be at least one semi-conducting layer at a 
variable height. Generally speaking, gases conduct when they are “ ionised," which means that 
their neutral molecules have been broken up into atoms with opposite electrical charges, possib*]y 
with the production of free electrons Ionisation involves the action of some ionising agent, and 
it has been thought that in the lower atmosphere it may mainly be due to the action of cosmic 
rays, wliich appear to be penetrating waves produced in the depths of space and reaching the earth 
from aU directions; they are waves of the highest frequency so far discovered. 

Against this view must be set the fact that the height of the " D " region layers is subject to a 
diurnal variation ; one would not expect this result if the prime cause is cosmic ray action. It 
has been considered, however, that, if the latter cause is supported by something similar to thunder¬ 
storm action, there would be produced a sufficiently dense ionic layer to act as a reflector for waves 
of low frequency. Recent observations of the received echoes of short duration wireless impulses 
leave little room for doubt of the existence of at least one ionic reflecting layer within this regir^ 

In 1902, two scientists, Kennelly in the United States, and Heaviside in England, ind^ 
predicted that high above the earth there must be a densely ionised layer which acte' 
for wireless waves and turned them earthwards again. Since then their conjecture ’ 
justified, and a densely ionised layer has been detected at a variable height bet^ 

90 miles above the earth's surface ; this is called the E " region, and the 
RENNELLY-HEAVISIDE layer. The word "layer,” however, is rather 
has no sharp boundaries. The ionisation in it is mainly due to the presence 
cause is stiU obscure, but the main factor appears to be the ultra-violet n 
Such radiation is most potent at the outer edge of the atmosphere, but the 
electrons it produces also depends, of course, on the number of molecules w 
ionised. This number increases as the height above the earth decreases 
radiation is also being absorbed as it penetrates the atmosphere. The resr 
density of free electrons is produced in some region intermediate between 
are first liberated and the surface of the earth. The mean height at wh' 
an appreciable effect on the direction of propagation of wireless wa 
lower limit is by no means sharply defin^. It varies considerabh 
between night and day. 
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In 1912 Eccles suggested that, after sunset, the ultra-violet radiation ceases to be operative, 
and in the lower regions, where the density of the atmosphere is greater and collisions between 
electrons and molecules are more frequent, there is a certain amount of re-combination betwgen 
electrons and positive ions. The ionisation in these regions therefore decreases between sunset 
and sunrise, and the effective lower limit of the Heaviside layer moves upwards, rising slowly through 
a varying distance and sometimes disappearing. The layer rapidly falls—or re-appears—after 
sunrise and assumes its daylight position. 

1 Appleton, in 1925, showed that there was a further densely ionised layer at a greater height 
khan the Hennclly-Heaviside layer; he did this by observing the echo effects from short duration 
H/F signals projected vertically upwards. The echo signal indicated reflection from a higher 
layer. The theory has been advanced that the ionisation in the upper air, which is of a more stable 
and permanent kind, is due to the emission, from the sun, of a particles such as are shot out from 
radio-active substances. This upper layer comes in the “ F ” region, and may have a height of 
anything from 90 to 250 miles, with an average of about 170 miles ; this reflecting medium is itow 
called the “ APPLETON '' layer. 

It therefore appears theit there are at least three semi-conducting layers of ions widely separated 
in space, each capable of acting as a reflector of W/T waves of certain frequencies, and all contained 
within the broad belt now known as the IONOSPHERE. The upper limit of the ionosphere is 
not known, but the region further away than 250 miles is called the “ G region, and experimenteis 
have recently heard echoes coming back from outer space after intervals of from 3 to 30 seconds, 
indicating that something akin to reflection must be taking place at distances up to almost 3 million 
miles from the earth. These echoes can only be obtained on one or two days in each year, and 
there is much argument as to their real cause. 

Fig. 1 shows, diagrammatic ally, the various media and ionised layers, those of the most 
importance being in the D, E and F regions. 

Before passing to the effects produced by these ionic layers surrounding the earth, it is woith 
while briefly to consider the basic phenomena of reflection and refraction. 4 


4. Reflection. —It is hardly neces.sary to explain the meaning of reflection. When a billiard 
ball strikes a cushion its direction of motion normiil to the cushion is reversed. In the same way 

an electromagnetic wave trying to pass from one 
material medium to another may be turned back 
at the common surface of the two media. In the 
case of a light wave arriving obliquely at a point on 
the surface of a mirror, the reflected wave comes olf 
at the same angle on the other side of the line through 
the point perpendicular to the mirror at the place 
where the incident ray touches the surface of separa¬ 
tion of the two media, as shown in Fig. 2. Because 
of this, the reflected image of an object appears to 
be at the same distance behind the reflecting surface 
as the object is in front of it. Generally, the wave is 
only partly reflected at the surface, and a part of its 
energy passes on into the second medium. 



5. Refraction.—If a walking-stick is partly 
immersed in water, it no longer appears to be straight 
The part under water appears to run in a different' 
direction from that in the air. The light waves, by 
which the stick is made visible, alter their direction 
of propagation when they pass from air to water and 
versa, and so the stick appears to be bent. The 
reason for this is that the waves do not travel with tae same velocity in the two media. In thi^ 
case they travel more slowly in water than in air (or rather, more slowly in sther as modiffed by 
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'ater than in ather as modified by air), and Uie effect is that the direction of propagation in water 
I bent in towards the " normal,” or line drawn at right angles to the air-water surface through the 
oiilt where the stick enters the water. The waves are said to be refracted, and the ratio of the 
Blocity of the waves in free aether to the velocity of the waves in a material medium is known as 
ie “ refractive index ” of the medium. Since the waves travel more slowly in water than in air, 
le refractive index of water is greater than that of air. 


I Tike. Mathematical Note.—^T hc actual figures are 1 -33 for water and 1 ‘00029 fur air (at nDiiual pressure and 
ftmperature). 

I 3 X 10“ metres ppi see., 

Thus n (refractive index) = -;- r- - 

* velocity in medium 

, ,, 3 X 10® metres per sfk:. 

velocity in metlium - - - - - - 

From the nature of electromagnetic wave.s we should exjiect that tiieir velocities in varinns media would 
uepend on the electrical and magnetic properties of the media, and it can be shown that if K is the dielectric 
f 3 X 10® 

constant of a medium and [jl is its permeability, tlie velocity of electromugnctu waves in the medium is ^ 

metres per second. Since jz and K are both taken as unity for a variuim, this gives llii* velocity of electro* 
magnetic waves in free zrther as 3 10® metres per second, a.s previously stated. 

The permeability, (x, is approximately unity, except in the rase of fcrromagnelic metals, anil so the velocity 

3 V 10» 

in a given medium may be taken to be ‘metres per second. 

It follows from this that the refractive index of a medium is equal to the square root of its dielectric constant, 
i.e., n = \/K. 


This formuki is only strictly correct for a perfect insulator. For poor insulators and condiictor.s it must be 
iruidified to take acrount of their conductivity. 

The dielectric " constant " of an insulator is not constant, but varies with the frequency of the alternating 
P.D. applied acros.s it. Thus, a material medium has a different K for oloctro-magnetic waves of different 
frequencies, and therefore a different refractive index. The dielectric constant of distilled water at normal 
temperatures, for example, as deduced from steady potential measurements, is about 81). For alternating 
potentials of the frequency of lipht wav^s it is in the neighbourhood of 2, («® =-= 1-7). In other wnrd.s. the velocity 
of an electromagnetic wave in any mcdiumexcept the free a?ther depends on its frequency. This can be readily 
seen in the case of light waves by examining the light from the sun through a glass plate. 


7. Dispersion.— Sunlight consists of a very large number of light vibratioius of different 
frequencies. These all travel with the same velocity through free space, and with sensibly tlie same 
velocity through air, owing to its small refractive index, and so combine to give the impre.ssion of 

white light. The differences in velocity of tlie component 
vibrations of different frequencies are, however, appreciable 
Ais in the case of gla.ss. In consequenre, these vibrations are 

refracted through different angles in passing through the glass, 
and rc-appear at different points on the other side of the plate, 
as shown in Fig. 3. Differences in frequency in the visible 
range appear to the eye as differences in colour, and so a series 
of differently-coloured images of the sun will be seen side by 
side. The white light is said to be resolved into a spectrum. 
In practice these images will largely overlap each other. To 
produce a good spectrum, a ray of sunlight entering a dark 
room through a very narrow slit should be allowed to fall on 
a glass prism. A series of images of the slit will then be seen, 
Oi 5 i®cn 8 loM . appearing as parallel differently coloured bands of light. The 

g red band is least, and the violet band most, deviated from the 

direction of the original white light. TUs phenomenon is 
called dispersion-'' 

n 4 
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8. Total Internal Reflection.— It has been seen that a light wave in passing from air to 
water is refracted towards the normal (Fig. 2). Conversely, a wave from water to air is refracted 
away from the normal. As the direction of the wave in water becomes more oblique to the noryhal, 
the angle made with the normal by the refracted ray in air becomes correspondingly greater, and 
eventually a point is reached when the wave, on emerging into air, just grazes the common surface, 
i.e., is at right angles to the normal. If the obliquity of the wave in water is increased further, no 
wave can then emerge into the air, i.e., the wave is totally internally reflected at the common surface. 
The angle made by the incident ray with the normal when this occurs is known as the critical 
angle." 

This phenomenon can only occur when the refracted wave makes a greater angle with the normal 
than the incident wave, i.e., total reflection can only occur when the electromagnetic waves attempt 
to pass into a medium in which they would travel more quickly. 

9. Reflection and Refraction in Ionospheric Layers.—It may be said that the phenomena 
of reflection and refraction both enter into the explanation of the passage of wireless waves from 
the transmitter to the receiver. Whenever the indirect ray arrives at the effective surface of separa¬ 
tion between an ionised layer and the lower atmosphere, reflection or refraction or both may take 
place, depending jointly on the angle of incidence, the frequency in use, and the ionic density of the 
layer. 

The effect of ionisation is to make the apparent dielectric constant K less than unity. Tho 
result of this is that the higher parts of the wave front in the incident wave will travel faster than 
the lower parts ; the edge of the wave front where the density of ions or electrons is greatest, will 
( advance faster than the rest of the front, and cause the wave to follow a curved path in which the 
^ bending is “ away from" the more densely ionised region. Mathematically, this bending 
phenomenon necessitates the distinction between PHASE velocity and GROUP velocity. The 
upper part of the wave front, which is being bent downwards, travels faster than the lower part, 
and is said to possess a greater phase velocity. The velocity of the whole wave front is called tlic 
group velocity. In other words, the individual waves composing different paPts of the wave front 
are travelling faster than the wave train as a whole. It is, therefore, clear that the phase velocity 
may be greater than the velocity of light, whereas the group velocity can never exceed it. In 
free sether, these two velocities are the same. 

Instead of an abrupt change of direction, therefore, the effect of an ionised region is to causr 
a gradual bending of the direction of the ray. This may be sufficient to bend the wave direction 
round until it is travelling parallel to the earth's surface, and eventually to direct it downwards so 
that it again returns to the earth at a distance from the transmitter. The final bending downwards 
may be due to a process resembling that of total internal reflection. 

For a given angle of incidence and mean ionic density, the frequency determines the actii^d 
amount of bending that takes place, since the change in phase velocity in different parts of an ionised 
region depends on the frequency. L/F waves will be bent downwards much more quickly than H/F 
ones, and it has been calculated that the density of the E region reflecting layer is sufficient to bend 
back all waves of frequency up to about 750 kc/s., including those incident on the layer vertically 
Waves of frequency greater than 750 kc/s. break through the E layer and reach the F layer where 
the ionic density is considerably greater. Even there, however, the density is not sufficient to 
bend the waves of frequency greater than about 35,000 kc/s., and these break through the layer 
and are lost in outer space. 

It appears probable that most L/F waves are reflected by an ionic layer in the D region. Tht'' 
occasional reception of V.H/F waves at great distances has been attributed to reflection at a low 
E region of anomalous intensity (paragraph 10). 

Fig, 4 summarises, diagrammatically, the reflecting properties of the ionosphere. For 
simplicity, it is customary in all cases to assume the process of gradual bending to be replaced by 
one of simple reflection, in which case the height of the equivalent reflecting surface is considerably 
greater tlian the actual height to which the waves penetrate. This is shown in Fig. 5. 
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Fig 4 



PATH OF INDIRECT RAY 
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10. Skip Distance—Day and Night Frequencies.—For any given frequency there is one 
direction which the ascending ray may make with the earth's surface at which it is most quickly 
bent round in the reflecting layer. The point at which this wave reaches the earth is therefore the 
nearest point to the transmitter at which signals can be received by means of waves returning from 
the upper atmosphere. The distance from the transmitter to this pioint (which is, of course, not a 
- point, but a line round the transmitter on the earth's surface, and would be a circle if the radiation 
S«JQLd the effect of the reflecting layer were the same on all bearings) is known as the SKIP DISTANCE. 
Within this distance, the only signals that can be received are those due to the direct wave travelling 
along the earth's surface. Fig. 4 illustrates this and other matters, further explained below. * 

In the case of H/F waves, the range of the earth-bound ray may be con^<^rably less than the - 
skip distance, and there appears a zone of silence in which no signals} are received. This is ' 
shown diagrammatically in Fig. 4. The diagrams also show that the downcoming wave may be 
reflected at the earth's surface,.travel up again to the Ionospheric Layer, be bent round and return 
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to earth still further away, giving rise to other zones of silence. The regions where ho signals are 
received are generally caUed DEAD SPACES, being known in order as the first dead space, second 
dead space, and so on,*^- Those parts of the earth's surface, where signals due to the refracted 
relation can be received, are called zones of reception. It will be seen, as a matter of siinple 
geometry, that the width of the second dead space is less than that of the first dead space, and so on, 
and that the width of the zones of reception increases correspondingly. 

Fig. 4 shows that there is a certain angle of incidence within which reflection of (say) H/F 
rays does not take place. One ray, incident more nearly vertically, is shown penetrating the 
Heaviside and the Appleton layers before passing out into space. This incident ray travels at an 
angle less than the critical one, and, accordingly, total internal reflection does not take place. The 
critical angle becomes greater as the frequency increases, and at V.H/F, a beam leaving the earth at 
an angle of a few degrees to the horizontal may never suffer reflection anywhere. 

^ ■ 'Summarising-the skip distance for low frequencies, after reflection by the D layer, is so srridll 
that it is far smaller than the ground ray range. Moreover, the loss of energy on reflection is so 
great that at a distance from the transmitter greater than the ground ray range, the rays have 
been reflected between the eaith and the D layer so many times that their strength is practically 
nil and they do not increase the range of the transmitter. The medium frequencies may have ti 
ground ray range of up to 1,000 miles, and the indirect ray consists of a series of reflections between 
the Ileaviside-Ktmiielly layer and the earth. The high frequencies may have a ground ray range 
of up to a few hundred miles, and the indirect ray is refracted and attenuated in the Heavisuli' 
liiyer before being leflected in the Appleton layer. This process may be repeated several times 
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-and H/F often gives world-wide range by means of the indirect ray. Very high frequendos have a 
^ound ray range of only a few miles, and, in general, the indirect ray passes out into space. These 
frequencies are capable of providing an excellent se!*vice within optical range only ; in order to 
m^e the horizon as distant as possible, it is necessary to locate the transmitter and receiver as 
high as possible. 



varm^tiqn of skip distance with frequency. 

Fig. 7. 


The effective equivalent height of the layer is not the same by day as by night and, 
reference to Fig. 4, it follows that the actual positions of the areas C, E and h alter, and a ship that 
is within the range of the “ first skip " by day may be in the first dead space by night. This 19 
further illustrated in Fig. 6 (a), and Fig. 6 (b) indicates the remedy to be applied Waves of lower 
frequency are more quickly bent round than waves of higher freqii^cy, and, atfcordingly, different 
frequencies must be used for day and night working. ' For eJtample, in one case, two related 
frequencies are 6,450 kc/s by day and 5,000 kc/s. by night. The increase in skip distance, due to an 
increase in the vertical height of the layer by night, is cancelled by the use of the lower frequency. 
In many cases, it is necessary to have more than two frequencies if a 24-hour service is to be 
tained between two points This is one of the matters that somewhat complicates the B.B.C. 
Empire H/F beam transmissions 

The highest daytime frequency of any use for long distant telegraphy is of the order of 25,OM 
kc/s. (12 metres), and it is probable that this figure is too high unless one is somewhere near the 
optimum period in the sun spot cycle {see below). 

To illustrate the above remarks,the variation of skip distance with frequBncy,at high frequencies, 
is shown in Fig. 7, the two full lines corresponding to paths between transmitter and receiver lying 
altogether in daylight and darkness respectively. 

The increase of skip distance with frequency and the much larger skip distances at night shoidd 
bo noted. The shapes and relative positions 6f the curves arc probably fairly iccurate, but the 
actual figures should be treated with reserve, since the experimental evidence is rather conflicting. 
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The valuer given are average values over a year. In summer the skip distances are less than in 
winter. Some figures obtained in H.M.S. “ Yarmouth ” on a cruise to Hong Kong and back in 
1925 are given in the following table, and are also shown in Fig. 7 by the dotted line. 


/ 

(kc/s.). 

Skip 
distance 
(miles). 

liange of 
earthbound 
component 
(miles). 

Width of 
first dead 
space 
(miles). 

Width of 
first zone 
of reception 
(miles). 

First 

overlapping zones. 

25,000 

1,100 

3fy 

1,070 

800 

2nd and 3rd. 

12,000 

720 

80 

640 

440 

2nd and 3rd. 

8,500 

520 

170 

350 

240 

3rd and 4th. 

6,250 

350 

350 

Nil 

60 

No overlapping up to 6,QUO 
miles. 


It is not strictly correct to say that no signals can be received in dead spaces, but there the 
signal intensity is very weak compared with that in the zones of reception (less than one ten- 
thousandth). Such signals as are obtained are attributed to ‘‘scattering'" of the indirect waves 
in the ionospheric layer. Instead of being gradually bent round, part of the stream of energy is 
scattered in various directions, and so may descend to earth at any angle. A similar phenomenon 
in the case of light waves is responsible for the blue colour of the sky during the day. If the earth 
possessed no atmosphere, the only sunlight waves reaching it would be from the direction of the* 
sun, and the sun would appear as a bright disc in a black sky (apart from the stars). But the 
atmosphere scatters the sunlight, and it appears to reach the earth from all directions, giving rise 
to the familiar blue colour of the sky during the day. An imaginary observer in the E region wov ^[1 
see a black sky. 

Since the ionisation of the E and F layers depends largely upon the sun, the‘ionisation intensity 
will vary with the seasons—Summer and Winter—as well as with the change from day to night. 
Some of the British investigators have recently shown that, under Summer conditions, extra 
ionisation often forms a specially intense E region, of such an ionic density that it may produce 
ANOMALOUS REFLECTION OF ALL H/F AND V.H/F WAVES, with consequent alteration 
of skip distance and dislocation of H/F traffic. There is a further slow period of change of about 
11^ years, which seems to be determined by the variety of the number of the sunspots appearing 
upon the solar disc. These spots are supposed to represent enormous cyclonic upheavals, during 
whi^ the stream of electrons poured out is enormously increased. In 1934, the sunspot cycle was 
at its minimum, with corresponding minimum effect on the ionisation of the layers. Wave 
frequencies for satisfactory communication to distant parts may become slightly higher, up to the 
sunspot maximum period in 1939. 

Considerable fluctuations in signal strength will occur when a signal passes from a transmitter 
in daylight to a receiver in darkness and vice versa. In that part of the p)ath where sunrise or sunset 
is occurring, the density of ionisation in the lower part of the layer is changing rapidly, and evidence 
of this is to be found in the large changes of signal strength at the receiving station. 

II. Attenuation of Indirect Rays.—^Attenuation will necessarily occur in the indirect rays 
since the atmosphere is not a perfect dielectric. The great ranges attained Math small power on 
H/F uraves show, however, that their attenuation in the atmosphere is much less than that in the- 
^surface of the earth. For H/F waves the losses in the lower atmosphere are negligible, though 
1 they are a considerable cause of attenuation in the case of very L/F indirect waves. Tlie important 
attenuation of in<^ect H/F waves takes place while they are travelling through the ionosphere. 
This attenuation is roughly proportional to the density of free electrons. Thus it is greater by 
day than by.night, and so night signals axe stronger th^ day signals. It also varies inversely as 
the square of the frequency. Hence, other things being equal, the higher the frequency the less 
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^tlie attenuation. Tbis helps to fix a LOWER LIMIT to the frequencies which can be successfully 
'Used for long-distance transmission. The limits appear to be about 8,000 kc/s. for regular day 
transmission and 4,000 kc/s. for regular night transmission. Waves of low frequency suiler such 
gr^t losses in transmission that they are useless for long distances unless exceptionally high power is 
developed in the transmitting aerid. These losses occur partly in the ionosphere, and partly at 
the earth's surface when multiple reflection takes place. The great attenuation of H/F waves at 
the earth's surface has previously been mentioned when considering the short range of the direct 
ray. In addition, unless the surface is perfectly plane, the wave will not be regularly reflected, 
and the energy will be scattered in various directions, so that only a small part is available for any 
particular transmission under consideration. This, in itself, almost limits long-distance transmission 
to rays which have only undergone one or two reflections at rqpst at the earth's surface. The energy 
of these lower frequency waves cannot, of course, penetrate the Heaviside Layer, and so must be 
dissipated in some such manner as that described above before the wave reaches great distances 
frqm the transmitter. In the case of transmission over shorter distances at these frequencies, or 
of long-distance transmission at higher frequencies, the strength of a received signal at a particular 
point may thus depend very greatly on the conditions at a point half-way between it and the trans¬ 
mitter, e.g., a jungle at a distance of 2,000 miles may render reception impossible at 4,000 miles on 
the same bearing. 



VAniAriSM OF DAYLIGHT RANQC WITH FREQUENCY. 

Fig. S. 


12. Electron Resonance—Critical Frequency.—Since in typical low frequency transmission 
the attenuation increases with the frequency, and the reverse is the case in long range high frequency 
transmission, it would be expected that at some intermediate frequency minimum ranges would be 
obtained. This is actually the case, as shown in Fig. 8 by the curve of daylight rcmge against 
frequency for constant energy radiation from the aerial. It will be seen that there is a distinct 
&llLig-ofi in range at frequencies between 1,000 and 2,000 kc/s., much larger, indeed, than would 
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be expected from the considerations advanced above. Frequencies-in this ra^e are not low enough 
to operate satisfactorily using the ground ray, and not high enough to maintain reliable contact 
using the indirect ray. 

An attempt has been made to explain this large attenuation by showing that at such frequences 
the combined results of the fields of the wave and the earth’s magnetic field is to produce a resonance 
effect in the motion of the free electrons in the ionospheric layer. It can be shown that when the 
frequency is low, the oscillating electrons follow elliptical paths. As the frequency increases the 
electron orbits become circular in shape when the frequency is in the neighbourhood of 1,400 kc/s. ; 
this is the resonant condition and the orbits then tend to increase in diameter until collisions occur 
with the gas molecules. These collisions, and the resonant state, produce an absorption of energy 
resulting in the attenuation of the wave If the frequency is increased above this critical frequency, 
it can be shown that the electron orbits then become elliptical in shape, the former minor axis then 
becoming the major one. At night time the ionisation intensity is less and the layer rises. Since 
the electron density and the gas density are both relatively small, the chances of collision decrease 
by night and attenuation of the wave due to this cause is correspondingly smaller. 

13. Polarisation and Phase Changes. —Changes in the nature of the polarisation of the 
indirect ray in its path through a reflecting layer are mainly attributed to the effect of the earth’s 
magnetic field. 

When the ray enters the layer it is split into two oppositely rotating components. When 
these combine, after emerging from the layer, rotation of the plane of polarisation will be produced 
and this will give rise to certain diflftculties in direction finding, which are referred to in Section “ T.” 

Moie generally, the emerging down-coming ray is found to be elliptically polarised.^ It is 
this that accounts for the fact that in long distance H/F transmission equally gpod reception is 
obtained using either horizontal or vertical receiving aerials and is independent of the nature of the 
transmitting aerip,!. This is by no means the case, however, if the direct ray from an H/F trans¬ 
mitter is being used. *' 

As in the case of light waves, the coefficient of reflection of horizontally polarised waves (the 
electric vector parallel to the ground) is greater than if the electric field vector is vertical. Moreover, 
there is a certain critical angle of incidence, for vertically polarised waves, after which a change of 
Jihase of 180° occurs in the reflected wave; this critical angle is known as Brewster’s angle 
I [Section R.40). 

V 14. Fading. —This is the name given to. the occurrence of fluctuations in signal strength at 
the receiver. The period of the variation may be long or short. It is specially noticeable at night 
for frequencies between 500 and 1,000 kc/s. at distances of the order of 100 to 1,000 miles from the 
transmitter. It is violent at night for frequencies between 1,500 and 5,000 kc/s. at distances from 
the transmitter of 5 to 300 miles. At higher frequencies it occurs mainly at the edges of the zones 
of reception. 

Fading may be due to various causes. It is reasonable to suppose that the edges of zones of 
reception are not rigidly delimited but subject to small rapid fluctuation, corresponding to similar 
fluctuations in the effective height of the reflecting layer. A variation in the ionic density would 
^ produce such a result. When the frequency and distance from the transmitter are such that both 
the direct and indirect lays are received with comparable intensities, the phenomenon known in 
^ optics as “ interference ” will result ; when the difference in path length is such that there is a phase 
^idifference of 180° between the energy received along the two paths, a nil efcct will b§4)radiJi:fid^ 
^'Conversely, of course, when the difference in path length is a whole number of wavelengths, the 
I direct and indirect rays will reinforce each other. The cathode ray direction finder is capable of 
giving visual indication of the arrival of waves at the receiver from different directions. 

It is usually observed that the different frequency components of a modulated wave fade in a 
manner in winch each is independent of the other. This has been termed “ selective fading/' and 
the effect is that the received signal is not the same as the trans^litted one and '' quality distortion 
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is the lesult. The use of LC.W. at H/F is, ther^ore, a means of combating fading in telegraphic 
work. 

15. M/F Broadcast Transmissions—Service Area. —One of the aims of the radio engineer 
in designing a broadcasting service is to provide a field strength giving a satisfactory sigual/lioise 
ratioj|ver a given “ service area ” around the station. In this connection it may be noted that a 
committee o the I.E.E. recently decided that there should be a difference of at least 40 decibels i 

between the strength of the signal for wanted) field | 
and the interfering (or unwanted) held. With 
reference to this signal strength criterion, it is possible 
to recognise certain areas with distinctive properties 
surrounding any station. Neai the station we have 
an area in which the ground ray preponderates, 
having a signal stn nglh much greater than that of all 
interference. In tliis service areathe signal 
strength may be relied upon to be satisfactory at all 
times. Surrounding this area is one in which the 
signal/noise raLio is unsatisfactory, although the 
ground wave may still be much stronger than the 
sky wave. Further away, in general there is a 
region in which the sky wave is almost equal in 
strength to the ground wave. This piodupes fading 
and quality distortion. Still further away, the whole 
area is surrounded by the region which is served by 
the sky wave only; the signal strength may never 
be very great and will be subject to huge seasonal 
and diurnal variations, being at its best at night 
time and in the winter. Fig. 9 illustrates diagram- 
matically the meaning of these remaiks. 

It is therefore clear that the most useful service area of a broadcasting station is the area in 
which the ground ray is much stronger than the sky ray. Under the best condition.s, the service 
area will be as large as possible when its edge extends to the point B of Fig. 9, i.e., whf‘n the area 
immediately surrounding the service area does not exist; in practice, this will seldom take place. 
The service in the fading belt can only be improved by reducing the propoition of the sky wave ; 
if the indirect ray is as strong as the direct ray, an incicase in the power of the transmitter will 
merely increase the signal strength of both rays and not alter their relative amplitudes. The cure 
for fading would be the complete elimination of the sky wave ; this may not be possible, but the < 
liew anti-fading aerials provide a concentration of energy in low angle radiation, greatly reducing / 
the sky wave and simultaneously increasing the ground wave (K.34 and R.40). All areas in j 
Fig. 9 are thereby increased. It would appear that if the use of anti-fading aerials becomes at all ] 
universal, the possibility of listening to foreign stations on the M/F wave band may be much reduced ; 
the reception of distant stations depends almost entirely upon the ionospheric ray. It is, however, 
considered that this is not too high a price for the broadcast listener to pay for the reduction of , 
fading troubles on home stations. 

16. Choice of Frequency for H/F Communication. —It may be said that the best frequency 
to use is the highest one which will give a signal at a distant point. With this condition it is 
Usually safe to say that the signal passes to the receiver in the fewest steps and, therefore, with the 
minimum attenuation. Reference has already been made in paragraphs 10 and 11 to the upper 
and lower limits of frequency for satisfactory service, and it has also been made clear that, in general> 
various frequencies may be necessary to maintain a 24-hours service. 

17. Multiirie Signals—Echoes.—^Fig. 10 shows that signals may be propagated to a distant 
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point by paths of different length. In the case of telegraphy, this mtms that the time of arrival of 
the various signals corresponding to (say) a Morse dot wUl not be identical; one sign^al follows 

another and produces bluiring or 
double signals, an effect whictw is 
specially serious when working at high 
speed. The presence of multiple 
signals puts a limit to the speed of 
high speed working. Sometimes a 
signal echo is received at a'consider¬ 
able time after the receipt of the 
original. It is thought that short 
echoes may be due to a signal 
arriving at a receiving station having 
been the longer way round on t^e 
great circle path. Very long echoes, 
up to several minutes, have been 
variously explained; they may be 
due to the signal making various 
circuits of the earth before emerging, or, alternatively, the signal may have journeyed to some distant 
reflecting layer in outer space. 

Very short duration wireless signals, pulses lasting about 10'^ seconds, can be made to produce 
echoes from the various ionospheric layers at a measurable interval of time after the transmission 
of the original pulse. 7'his principle is the basis of the radio echo method of investigating the upper 
atmosphere. The measurement of the very small intervals of time involved is made possible by 
the use of the cathode ray oscillograph, by means of which it is easy to measure time intervals to an 
accuracy of a millionth of a second. Much research work is being conducted along these lines by 
investigators in various parts of the world. Colwell and Friend, working in America, have recentlj^ 
used pulse signals of only one hundred thousandth of a second's duration, by which means they 
have been able to detect a path difference of as little as 3 kilometres between the “ ground " and 
the “ echo " signals. Similar work in this country is being conducted by a British team of investi¬ 
gators, some of them working under the auspices of the Radio Research Board of the Department 
of Scientific and Industrial Research. 

18. Man-Made Noise—^Atmospherics (Statics), —It is well known that in spite of perfection 
in the propagation conditions and at the transmitter, received signals may be almost unintelligible 
due to noise and static, the various clicks, bangs, rumbles and crashes which often provide the back¬ 
ground of the signal. This noise, in general, is classified into “ man-made noise " and “ statics," 
and is the noise which may disappear when the aerial is disconnected from the receiver. ^ 

Man-made noises may be due to electrical machinery of various kinds, ignition systems of 
cars, motors, etc. Clearly, interference of this type is capable of suppression, and it is probable 
that in the not too distant future, no new electrical apparatus will be put into use which has not 
been previously certified as “interference free." This has recently been the subject of a special 
report by a committee of the I.E.E. Where suppression at the source is not undertaken, some 
improvement in reception is usually noticed when the vertical down-lead of the receiving aerial 
is screened ; this is due to the fact that man-made static consists of H/F signals which are, in the 
main, vertically polarised. 

Statics, or atmospherics, are radio waves produced by natural causes, of definite but very 
irregular wave fonn and, generally, of short duration (about 1/500 of a second). The peak voltage 
produced by a static signal often amounts to as much as 1 - 5 volts, the energy level being very 
great at the lower radio frequencies, decreasing gradually as the frequency becomes greater, and 
becoming quite small at V.H/F, The very complex wave form of an atmospheric makes it equivalent 
to a very large number of simple sinoidal wave forms, with the well-known result that statics appear 
to be untunable noises covering up a wide frequency range. Up to the present time, there have 
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been two principal ways by which the effect of static at the receiver has been minimised in order to 
increase the signdl/noist ratio. Briefly, these involve 

{a) receivers with high selectivity, and 

(6) the use of directional reception. 

With constant frequency transmitters, for purposes of telegraphy, the receiver may be made 
very highly selective, and consequently able to reject many of the interfering frequencies constituting 
a static noise. Under good conditions it is possible to work with receivers having a bandpass 
width of only 50 cycles. The case, of course, is different for radio telephony, where a much Wider 
band of frequencies must be passed, especially if high quality speech or music has to be received. 

Although static noises are liable to come from any random direction, each one individually is 
directional in nature. For this reason it has been found that much improvement of the signal/noise 
ratio is attained by the use of ar arrangement of aerials lor directional reception. Some of the 
better known arrays for directional reception are described m Section “ R/* 

Quite recently, a new method of static suppression has been suggested, based up)on the commonly 
observed high value of the amplitude of the disturbance. In principle, it resembles the action of 
the various well-known A.V.C. circuits ; the high amplitude nf the static is used to trigger a valve 
which provides a cut-off potential at the grid of one of the A/F stages and preventing either the 
signal or the disturbance from being heard. The receiver is muted for a time corresponding to the 
duration of the static, but, since the cut-off time is very short, it does not affect the apparent 
continuity of the signals. It appears possible that some device working on this principle may provide 
a contribution towards the solution of the static problem. 

19. The Luxembourg Effect.—While listening to a distant medium frequency broadcasting 
station, it is sometimes found that there is a continuous backgmund of some more powerful station, 
usually of lower frequency. This effect was observed when R/T stations first began to use high 
power. In particular, English listeners to Radio Luxembourg (230 kc/s.) noticed that its trans¬ 
mission was accompanied by a background of that from Radio Paris (182 kc/s.) ; the phenomenon 
was called the “ Luxembourg effect,'" although many other similar “ effects " have since been 
observed in connection with other stations. 

The phenomenon has been the object of much investigation and an explanation of it was first 
given by two Australian physicists, Bailey and Martyn; they showed how a powerful L/F station 
could affect the ionosphere in such a way that any other waves reflected from the affected region 
w'ould acquire a modulation from the unwanted powerful station. To quote Professor Appleton— 
“ the ionised region appears, as it were, to have the programme of the powerful station stored up 
in it, and passes a little of it on to any other wave which it reflects." From the investigation it 
was apparent that this type of interference would be most marked when— 

[а) the two transmitting stations were approximately on the same great circle bearing 

from the receiver, and 

(б) the interfering station was geographically between the receiver and the wanted 

transmitting station. 

The above results are those commonly observed in practice. The only cure for this unfortunate 
mixing of transmissions would appear to be a reduction of the proportion of the sky wave. 

A partial explanation of the phenomenon can be given in the following terms :— 

Under the action of a powerful electric field, such as that above a powerful transmitting station, 
the motion of the electrons does not follow a linear law. It is possible to make use of this non¬ 
linear characteristic, in the way in which one does when employing “ grid modulation." By a 
process resembling the latter, the waves of the distant station passing through the area of the 
powerful electric field have a modulation from the latter impressed on them. 



Section " P/' 


EXAMINATION QUESTIONS ON PROPAGATION.*’ 

1. —(fl) Describe the nature and properties of the Heaviside layer, with particular reference to 

the effect it has on—(i) the path, and (ii) the attenuation of indirect rays. 

(6) What are the factors influencing the attenuation of the direct ray from a transmitter ? 

(c) Explain the reasons for the fading of H/F signals which may occur at a receiver. 

(Qualifying for Lt. (S), 1932.) 

2. —(a) Describe and account for the ionised state of the upper atmosphere, and its daily and 

seasonal varialicjns. 

(6) Discuss the factors influencing the choice of a frequency (high) for long distance communica¬ 
tion, and show how a knowledge of the conditions existing along the path of the signal 
is of assistance in selecting a suitable one. 

(c) Account for the existence of a critical H/F band unsuitable for long distance communication. 
(Qualifying for Lt. (S), 1933.) 

3. Give a short account of the propagation of wireless waves with particular reference to skip distance, 

attenuation, day and nigh^ frequencies, dead spaces, and polarisation. 

(Qualifying Warrant Tel., 1931.) 

4. Explain the causes of fading in the reception of short and medium waves. What methods are 

adopted in practice to minimise the effects of fading ? 

(C. & G. Final, 1933.) 

5. What is the part played by the Heaviside layer in the propagation of short waves ? Why is it 

necessiiry, in short wave communication over long distances, to use longer waves during 
the night than during the day ? 

(C. & G. Final, 1934.) 

6. What are the causes of fading ;— 

(a) In the case of medium wave stations, within range of the ground ray ; 

(b) In the cuse of short wave stations beyond the range of the ground ray ? 

What methods are adopted in practice to combat fading ? 

(C. & G. Final, 1935.) 
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AERIALS, FEEDERS, DIRECTIONAL ARRAYS. 

TRANSMITTING SYSTEMS. 


1. The Basic Principles of Radiation. —To appreciate the function and properties of an 
aerial system, it is essential to have some idea of the way in which a portion of the energy 
may become detached from an oscillatory circuit, and be radiated away into space. The 
accurate mathematical analysis was first produced by Clerk Maxwell in 18C4 from the general 
laws of magnetism and electricity, but that is beyond the scope of this book. In spite of the 
mathematical difficulties, by making certain very reasonable assumptions it can be shown that 
DETACHMENT OF ENERGY MUST OCCUR WHENEVER THE CURRENT IN A CIRCUIT 
CHANGES, i.c., whenever an electron has its velocity altered by the action of an accelerating force. 
It must be pointed out, however, that any attempt to produrc a mechanical picture of the radiation 
■process must necessarily be somewhat crude, and in some weys even misleading. 

Consider the simple type of oscillatory circuit represented in Fig. 1 [a), consisting of a condenser 
whose plates are connected by a vertical wire which has a certain amount of self-inductance 
(effectively an aerial circuit) An alternator is included in the rirniil to represent a source of 




Fig. 1. 


alternating E.M.F. of “ radio-frequency," the frequency of which will usually be that to which the 
circuit is resonant: the whole arrangement is sometimes called a dipole or Hertzian oscillator. 

A dipole may be defined as any symmetrical acried the two ends of which are at opposite 
potential with reference to the central earthy point." 

Consider the distribution of the electric field around such an aerial, and the changes in the 
field during one cycle of the applied E.M.F. 

We will consider the cycle to start when the condenser is charged to its maximum P.D., so 
that the top plate is positive with regard to the bottom plate, and the current in the wire is zero. 
At this instant we may regard the field in the vicinity of the aerial els being entirely electric, and 
lines of electric stress to be connecting each positive charge on the upper plate to its opposite 
number," a negative charge on the lower plate, as in Fig. 1 (6). 

When the moment of maximum P.D. has passed, electrons will start to flow upwards, the flow 
constituting a current of electricity. The electric field starts to collapse, and this effect may be 
represented as in Fig. 1 (c), in which the ends of the lines of force are shown coming together along 
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the wire. Due to the familiar property of electric inertia, summarised by Lenz's and Faraday's 
laws, the current continues to flow after the potential difference across the condenser is r^uced to 
zero, and in so doing starts to charge up the condenser in the opposite direction, giving rise to new 
lines of force in the reverse direction to the previous field. ^ 

Now, if we regard the collapse of the initial field as lagging a little on the changes in potential 
which cause it to take place, then it is clear that the new electric field starts to build up before the 
first one has disappeared. The first disturbance is then forced outwards in the form of closed loops 
by the new electric field [Fig. 1 (rf)], for the direction of the lines in the inner surface of the first and 
the outer surface of the second are the same, and, accordingly, mutual repulsion takes place. 

In this connection it may be observed that, since such a system in free space radiates in three 
dimensions, a much more correct picture of the process is obtained by visualising an expanding 
soap bubble having the aerial at its centre; as the radius of the bubble grows, other concentric 
ones are produced within it at regular time intervals. 

It could be added here, that it is essential to regard the collapse of the initial field as lagging on ^ 
the change which causes it, imless one can accept the idea of— 

(a) the action of a force at a distance, without the help of an intervening medium, or 

(b) an infinite speed of motion of the flux lines. 

• 

In addition to the electric field, the changes in which are represented in Fig. 1, we must regard 
the circuit as being surrounded by rings of changing magnetic stress, the intensity of which at any 
point will vary with the current strength, and whose direction alternates. 

In the immediate neighbourhood of the current carrying wire, the magnetic lines of force are 
in the horizontal plane, at right angles in space to the electric flux; it is here reasoned that this 
essential space quadrature is maintained in the radiation field. In picturing these rings of magnetic 
stress, the reader should not be disturbed by the coil inductances of Fig. 1, which are only there to 
represent the lumped inductance of the aerial just as the plates represent lumped capacity. 

The electric and magnetic INDUCTIVE FIELDS ARE IN BOTH TIME AND SPACE 
QUADRATURE, that is to say, they are 90'’ out of phase in time and at right angles to each other 
in space, and if an effect at a distance did not lag on the cause producing it in the way referred to 
above, the energy would simply oscillate from being entirely potential when the condenser is fully 
charged, to being entirely kinetic when the current is a maximum, the change taking place without 
any energy losses. In that case we could then equate the energy in a charged condenser (JCV*) 
to the energy in the magnetic field of an inductance (iLP). 

Further examination of the process, shown diagrammatically in Fig. I, makes it clear that the 
magnetic field is only present when the electric field is changing ; with stationary electric flux there 
is no associated magnetic field [Fig. 1 (b)]. It would therefore appear that any changing or moving 
electric field must have a magnetic field associated with it. It is logical to extend this idea to 
include the case of the loops of the electric field which become detached and RADIATED away. 
At this point there appears an important and essential difference between RADIATION and 
INDUCTION, which is not brought out by the necessarily crude diagrams of Fig. 1. The movemerU 
of such a closed loop becomes contingent on the association of the electric and magnetic fields. If 
one has a maximum value then so must the other, if the one is zero then so must the other be; 
the electric and magnetic fields cannot exist separately, and become simply different wa}rs of 
expressing the fact that energy is being transmitted by an electro-magnetic wave. In more precise 
tenns, this means that the RADIATIVE FIELDS ARE IN TIME PHASE WITH EATH OTHER 
ALTHOUGH AT RIGHT ANGLES IN SPACE. 

Fig. 2 represents the relative directions of the electric field, the magnetic field, and the direction 
of propagation. The oscillating electric field is shown by the vertical vector OZ, and the oscillating 
magnetic field by the horizontal vector OX, which is really perpendicular to the plane of the ^per. 
The direction of propagation of the wave, OY, is at right angte to the plane of OX and OZ, at 
right angles to the wave front.” 
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ELECTRIC FIELD. 


This diagram also makes clear what happens when an E.M. wave is reflected. The simplest 
case of reflection is when a wave arrives at the surface of another medium, when the direction of 

propagation is perpendicular to the surhuse* 
The direction of propagation is then qpmpletely 
reversed and the wave travels back along ite 
original path. It suffers a phase change of 
180°. From Fig. 2 it will be seen that the 
electric and magnetic vectors are arranged 
with respect to the direction of propagation, 
like the fore-linger, middle finger, and thumb 
of the right hand extended as in Fleming's 
rule and, as in that case, reversing any two of 
the three quantities together does not alter 
the direction of the third. Thus, when the 
direction of propagation is reversed, the 
direction of either the electric field or the 
magnetic field will be reversed but not both. 
Usually it is the electric field which reverses 
in direction, or, in other words, changes its 
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DIRECTION OF PROPAGRTION. 


X magnetic field. 


Fig. 2. 


phase by 180° at a reflecting surface ; the magnetic field is unaltered. 


2. Velocity of Propagation.—If we measure any electrical quantity, such as the capacity 
of a condenser, in electrostatic units and also in electromagnetic units, the ratio of the two involves 
a constant “ c,” which can be shown both to have the dimensions of a velocity and to be equal 
numerically to the velocity of light in free space. In 1864 Maxwell’s purely mathematical reasoning 
enabled him to predict that changing electric fields and the changing magnetic fields that they 
produce, must give rise to electro-magnetic radiation, consisting of a complementary condition 
of electric and magnetic fields, whose velocity of propagation through space would be “ c " When 
the measured value of “ c ” was found to be that of the velocity of light, it was then only natural 
that scientists should produce the theory that light itself was of electro magnetic origin, and should 
try to produce similar radiation by electrical means. In 1888 the successful production of such 
radiation by Hertz, established the truth of Maxwell’s theories, and laid the foundation of Wireless 
Telegraphy. Much corroborative evidence has since shown that not only light, but also X-rays 
and y-rays are of the same nature. 

The same theory shows that the amplitude of the electric field measured in electrostatic 
units, is equal numerically to the amplitude of the magnetic field JIT, measured in electro-rnagnetic 
units. Wlien both S’ and M are expressed in the same fundamental units, the relation connecting 
them is 


ye 


0 


, ^ cms. 

where c = 3 X 10“- 

sec. 


In R.M.S. values the relation is X = cH 


In E.M.U's and in air, H is expressed in 


but using particular practical units this formula may be transformed, 
lines __ I line 


cm^ 


if H is 


cm* 


then 


X = 3 X 10“ X 1 


or 


X = 


3 X 10 
10 * 


the general foimola being .. X = 300H . 


... in E.M.U's of field strength, 

. volts, 

... in- 

cm. 

in practical units. \Cf. Section " T," paragraph 5.] 
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‘ ■A'3. Relation between E.M.U’s and E.S.U’«. 

Electrostutic UnUs ,—This By 9 tem is based on the force between two charges given by the formula : 

Qi Q* 


F = 




Writing this as a " dimensional " equation we have 


Hence the dimensions of Q are given by 
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Dimensionally 


Field strength (i,e., force per unit pole) at the centre of a circular coil is given by ;— 


or, dimensionally 




[ 11* M* T ‘ ] [ I' ] 

[ '■ J [ |i“* M* L* t"' ] . 

Now, electric current can have only one set of dimensions, so from (1) and (2) 

• ■ • [ ii“* M* L* ^ [ K* M* I.* T ~^ ] 

[ li~* K“* ] = [ LT"' J 

* — a velocity = c 


t.0., 
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where e ia a cooatant. 
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Experimontally it may be shown that:— 


1 E.M.U. of cmrent 


3 X 10 E.S.U's of cmrent 


Let 


Then 


ig be the number of E.5.U. of current in a given current, 
iiK be the number of E.M.U. of current in the same current. 
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4 Near and Distant Fields.—Fig. 3 repro.iuLs vrctorially the direction of the associated 
fields at points near the transmitter and at a distaiirc. 
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Fig. 3. 


In Fig. 3 {a) with reference to the electrostatic field, E.M.g represents the time phase of the 
radiative component of the magnetic field, and E-M.^ represents that of the inductive component. 
The time phase of the complete electro-magnetic field in the neiglilxmrhood of the aerial is therefore 
the resultant of these two fields. It is shown below, that at distances exceeding about 5 wave¬ 
lengths, the intensity of the inductive field E.M.^ is only about 1/30 of that of the radiative fields 
and so may be neglected in comparison with the latter. Fig. 3 (b) represents the state of affairs 
at some distance from the transmitter, and shows the two fields in time phase. The intensity of 
these fields is further referred to quantitatively in paragraph 7. 

5. Polarisation, Wave Front, Wavelength.—Considering the detached loops of Fig. I {d), 
all points along the surface HQR experience the same moving flux at the same time. HQR 
represents the “ wave front,’* which is the surface joining together all points that experience the 
same flux at the same time. The direction of propagation is always at right angles to the wave 
front, though it may go forward or backward, a matter which depends upon the relative direction 
of the electric and magnetic fields. 

The velocity with which the whole system moves outward is approximately 3x10® metres/sec. 
The detached loops move outwards with ever-increasing height but preserving a constant width. 
The frenuency with’ which consecutive loops are generated is the frequency of the current in the 
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oscillatory system, and the radial distance between two consecutive maxima of electric or magnetic 
field in the same direction is the “ wavelen/tth ” of the electro-magnetic wave. In Fig. 1 (d) points 
O and Q are one wavelength (X) a.part. It can be shown that with a sinoidal aerial current the 
intensity of the electric or magnetic field also varies sinoidally with respect to time at any given/ 
point remote from the transmitter. With constant velocity of propagation this implies that the 
intensity of the fields will vary sinoidally with respect to distance measured outwards from the 
transmitter at any given time. A sine wave graph, with distance from the transmitter along the 
X " axis, can then represent the instantaneous intensities of the fields at different distances, and 
provides a reason lor the use of the term “ wave motion." The attenuation in amplitude which 
takes place during propagation is here neglected, but will be referred to later. 

It follows that for a stationary observer situated at H, the frequency with which successive 
maxima will follow each other is given by the relation 

/ = ^ or, c = yX, ^ 

ivhere c is the velocity of propagation, X is the wavelength, and/ is the frequency. 

Where the electrostatic flux lines are vertical, as in the direction OQ of Fig. 1 (d), the wave is 
said to be vertically “ polarised.” When the electric field is horizontal, the wave is said to be 
horizontally polarised. In these cases vibration of the “ aether particle undergoing the wave 
motion may be said to be either up and down or backwards and forwards, and so it is in linear 
vibration. The plane which contains the electric vector and the direction of propagation is called 
the “ plane of polarisation. ’ ’ Actually this is a conventional matter, and some writers understand 
by this term, the plane which contains the magnetic vector and the direction of propagation. In 
certain circumstances, however, more complicated motion of the aether is produced. For instance, 
the aether particle may move in a circle or in an ellipse. The wave is then said to be circularly 
or elliptically polarised. These various types of polarisation can be illustrated by fixing a long rope 
at one end. If the free end is then waved up and down, the wave motion in the rope is vertically 
polarised; if backwards and forwards horizontally, a horizontally polarised wave is produced. 
Circular polarisation may be imitated by moving the free end of the rope in a vertical circle. All 
electro-magnetic waves are “ transverse waves,” because the electric and magnetic vectors are at 
right angles to the direction of propagation. This distinguishes E.M. waves from sotind waves, 
^which are projected through air or some other medium, and are “ longitudinal '' in nature. 

6. Numerical Example.—It may help to fix ideas of the nature of the wave and its propa¬ 
gation if a numerical example is taken. Consider a wave of frequency 250 kc./s., and therefore of 
wavelength 1,200 metres in the free aether, and approximately of this wavelength when travelling 
through the atmosphere close to the surface o.f the earth. The electric and magnetic fields are in 
time phase, and at some instant they will have their maximum values simultaneously at the point 
0 in Fig. 2. Suppose that times are reckoned from this instant. The time of a complete cycle of 

values of the wave fields for a 250 kc./s. wave is second, or 4 microseconds. After a quarter 

2oU,0UU 

of this time, i.e., one microsecond, the two fields at O will have decreased to zero. They then reverse 
in direction, and start to increase in magnitude, and after another millionth of a second they attain 
maximum values in the reverse direction. In this time, 2 microseconds, the wave has travelled 
3 X 10® metres per second x 2 x 10-® seconds = 600 metres, or half a wavelength, and so the 
fields at a point P, 600 metres from O in the direction of propagation, have their maximum values 
2 microseconds after similar maxima occur at O. As this time corresponds to maximum reversed . 
values at O, it follows that the fields at P and O at the same instant are 180° out of phase. 

In 4 microseconds the fields complete a cycle, and their values at O are the same as their initial 
values. The wave has travelled 1,200 metres in this time to a point Q. The fields at O and Q, 
1,200 metres apart, are therefore in time phase. [Cf. points O and Q in Fig. 1 (d).] 

Thus the time lag of the fields at a point R on those at O depends on the time taken by the 
wave to travel from O to R. 1,200 metres from O, the fields are in phase with those at 0: 600 
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metres from O, they are IdO'’ out of phase and 300 metres from 0 they are 90^ out of phase. In 
the general case, the time lag of the fields at R on those at O is 360tf/X degrees, or 2ndl'k radians, 
^where X is the wavelength and d is the distance between O and R. 


7. Quantitative Relations. —Fig. 4 represents a small portion of a radiating wire carrying a 
current given by c/ sin 

By considering the effect on the form of the electric flux lines when a charge is accelerated 

at the radiator, and on the assumption that any effect 
at P will be observed at a finite interval of time after 
some cause at O, the total magnetic field at a distant 
point P may be determined, and is expressed by— 

, 2^/. S/. ^ / d\ 

h = —^- t--) 

4-^ Radiative term 


P 

0 


COS 6 


It k— 

aJa 


:lA.. 

9 SIN U t 




sin 10 ( i - y ) 


COS 6 


Inductive term 

All quanilies aie in E,M. or C.G.S. units. The mathe¬ 
matical investigation which produces the above formula, 
PiQ 4 merely gives a precise mathematical form to the basic 

ideas of radiation somewhat hazily sketched in paragraph 1. 

Of the two terms in this formula, the mathematical 
treatment shows that only the first is produced by the 
acceleration of a charge ; the second term simply represents the ordinary field that causes the self¬ 
inductance of the aerial, and could have been otherwise determined. 

Considering the inductive term we note that :— 

{a) Its amplitude does not depend upon /, the frequency of the current in the radiator. 

(&) It is in time phase with the current that causes it, after making due allowance (d/c) for 
the time required in propagation. 

(c) The amplitude varies inversely as the square of the distance from the radiator and 
accordingly is only of importance in the immedicite neighbourhood of the aerial. 
Its amplitude will equal that of the radiative field numerically, at a distance given 
by 

271 . 8 / U 
dX ~ 


d = 


2n 


X 

6 


From this it follows that at a distance of 5X, the intensity of the inductive field is 
only about 1/30 of that of the radiative field, and may be neglected in comparison 
with it. 

(d) When the frequency of the alternating current becomes zero, that is to say, when the 
current becomes an unvarying one, the formula for the inductive field in a direction 

81 t/ 

at right angles to the radiator reduces to the expression—^—. 

Considering the radiative term we note that:— 

(a) It is 90° out of time phase with the inductive magnetic field, and with the current that 
causes it, if due ^owance (dje) is made for the time required in propagation. It 
must, therefore, be in time ph^ with the radiative electrostatic field. 
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(6) The amplitude varies inversely as the first power of the distance and accordingly does 
not fall off so rapidly as the inductive field. 

(c) The amplitude is directly proportional to the frequency //the height of the radiator 
Si, and to I, the R.M.S. value of the aerial current assumed uniform over the small 
length of the aerial considered in Fig. 4. The form of this term therefore provides 
the reason why the frequencies in use for radio communications work must be high, 
and for the use of high open aerial systems with large uniform currents in the vertical 
radiating part. No appreciable radiation of energy takes place until the frequencies 
exceed about 10,000 cycles per second. 

{d) Associated with the radiative magnetic field there is the equivalent electrostatic field, 
in time phase with it, as suggested in paragraph 1. From the relation ^ = ojK, 
the expression for x becomes 


27r/. m 
*= ■ 


z/ cos to 



cos 0 


in E.M. units. 


There is also a radial electrostatic field which dies out rapidly like that of the 
inductive magnetic field. 


8. Total Power Radiated. —^With reference to Fig. 5 the radiation from a dipole may be 
summed up by assuming it to be placed at the centre of a large sphere, the surface of which con¬ 
tinually will be penetrated by the outgoing moving fields. In elementary magnetism and electricity 
it was shown that electric and magnetic fields really represented the storage of energy, numerically 
evaluated from the well-known formulae and respectively. Both of these may easily 
be put into forms more readily useful, and reduce to— 


Energy in the electric field 


KX2 

Btt 


per unit volume. 


Energy in the magnetic field — 


| jlH« 

Btt 


per unit volume. 


AH symbols have their usual meanings. Since these two energy densities are equal and comple¬ 
mentary, the total energy density may be written 


KX2 

Btt 


(1 +1) 


per unit volume. 


Having arrived at an expression for X, the electric field at such a distance from the transmitter 

that the inductive field may be neglected, we can add up 
mathematically the energy flowing through the whole 
surface of the sphere. Only the result of this ‘'integra¬ 
tion " will be given here. 

3207uW» 

[ I " ' ' power radiated = -——; the result will 


] --(ASiUNCD constant). 




I ' be in watts, if I and X are in the same units and 

I I is in amps. For reasons to be explained more fully 

T later, it is convenient to use the symbol I to denote one- 

0 half of the length of the dipole—Fig. 5, It is also noted 

Fic. 5. that “ all-round " radiation is provided in the horizontal 

plane, and that the effect of the “ cos 6 ” part of the 
radiative term of paragraph 7 is that there is no vertical 
radiation. The horizontal and vertical polar diagrams of field strength are shown in Fig. 6. 
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Fig. 6. 


9. Radiation Resistance.—Since the power radiated is propoitional to V, if the other 
quantities remain constant, it may be considered that the power is expended in heating a fictitious 
resistance such that— 


w'heiice 


PR, - - P 


/ 3207i2/2 \ 

\ / 




3207u*i“ 


It may be defined as that fictitious resistance which, when multiplied by the square of the aerial 
current, mesisures the power radiated. 


10. Radiation Height—Radiation Constant .--The formula in paragraph 8 fur the power 
radiated, is based on the assumption that the amplitude of the oscillatory current is the same at all 
points in the radiating wire. This is far from being the case in practice, and it will be shown later 
that, considering only one-half of the dipole, the current distribution from the centre to the upper 
end may be either approximately linear, as in Fig. 7 [a), or sinoidal as in Fig. 7 (c). 



Fig. 7. 


The effect is to reduce the amount of the power radiated, and to make the aerial equivalent to 
a shorter one with the same current. The actual length of the equivalent shorter aerial may easily 
be assessed by finding the mean value ** of I over the length concerned. 
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In Fig. 7 (a), the mean value is 1/2, and the equivalent height is hence 1/2. In Fig. 7 (c), the 
meain value of I sin 6 from 0” to 90® may be shown mathematically to be 2I/7t. From this 
follows that the equivalent height in this case must be ZI/tz. These “ equivalent heights " are oftei^ 
called ‘‘ RADIATION HEIGHTS.” Figs. 7 (b) and 7 (d) represent the state of affairs in ideal 
equivalent aerials having a uniform ciurrent in them equal to the maximum current. They also 
make clear the importance of the product “ 11 ” in transmitting aerials ; diagrammatically, it is 
the area of a rectangle. It is quite common practice to indicate the power of a station in “ METRE 
AMPERES,” i.e., the radiation height multiplied by the maximum R.M.S. current. The expression 
tl, where Ir is the equivalent or radiation height, is termed the “ RADIATION CONSTANT.” It 
is clearly a more accurate method of description than that by which a station is referred to as being 
of so many kilowatts. The latter expression leaves doubt as to whether the power input to the 
generator, to the wireless plant, or to the aerial is meant. 

The formula of paragraph 8 for the total power radiated by a simple dipole will therefore lead^ 
to high results unless Ir is used. 

Using Ir, we have for the power radiated by a dipole 


320Tu2/,a P 


and Rr = 


32071 “/^^. 

X2 


When Ir cannot be evaluated approximately in the way shown above, it can be estimated with the 
help of a ” form factor ” which depends upon the design of the aerial system, or it can be measured 
by determining the field strength at a point in the neighbourhood of the transmitter. Both of 
these matters are discussed in later paragraphs. 


II. Radiation Resistance in Special Cases. 


(a) THE HERTZ X/2 AERIAL.—It is clear that the physical height of an aerial may be 
expressed in terms of the wavelength in use. In the case when the whole dipole 

21 

is a half wavelength, putting X = 4/ . and taking as then from 




3207r2/,2 
X* ' 


we have R,. = 


3207^2 4/2 
16/%2 


80 ohms. 


This value is roughly constant for all X/2 ” aerials remote from the earth, and 
provides a simple rule which enables radiated power easily to be estimated in this 
very important case. 

(6) THE MARCONI X/4 AERIAL.—It will shortly be shown that, in many cases, the 
radiating aerial is equivalent to only the upper half of the simple dipole of paragraph 
8. The whole aeriil is then only a quarter wavelength, and in that case the power 
radiated is given by 

16071 VP ^ ^ leOTrV . 1580/,2 

P = —— and R.- 

(a Well-known formula). 


Again putting X == 4/, and /, = — we find that 

7C 

Rr = 40 ohms. 

This is roughly constant for all X/4 aerials, and is another important simple rule 
which enables radiated power to be estimated. 
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AERIAL LENGTH SMALL IN COMPARISON WITH X.—Low frequemaes 
necessaiy for transmission over Icng distances, when silent zones must be avoided* 
At these frequencies it is seldom possible for the aerial height to be at all 00Bi> 
mensuratc with the wavelength in use, with the result that the radiation resistance 
is invariably very low. There is obviousi/ a practical limit to the height of an 
aerial. If this is taken to be about 250 metres, then for waves of frequencies less 
than 30 kc./s. (over 10,000 metres), the radiation resistance cannot be greater than 

or 1 - 0 ohm (using the formula given above). At 15 kc./s. (20,000 

metres) the radiation resistance will be less than 0-25 ohm, and in one transmitter 
working on 16 kc./s. the radiation resistance is as low as 0-055 ohm. In that case 
exceptional efforts were made to reduce the .lerial “ loss resistance " which was 
brought down to the value 0*5 ohm. Even so, the aerial efficiency is low and is 
given by 


. . , ^ . Power radiated 

Aerial efficiency = - tt-. 

Power supplied 


0-055 

0-5 


= 11 %. 


12. Communication Range.—The amount jf energy radiated by a transmitter is no criterion 
as to the distance over which communication is possible. Before the possibility of long distance 
communication by high frequency waves was realised, attention was mainly confined to the amount 
of energy radiated from an aerial on different horizontal bearings. Tlie radiation from a vertical 
aerial, as would be expected, is symmetrical in this respect and takes place equally in all directions, 
but many aerial systems have been found to give the maximum amount of radiation on one particular 
bearing, and little or none on others. This is directional transmission, and will be discussed later. 
Furthermore, the increasing use of the indirect ray, the radiation which travels up into the ionosphere 
in its passage between transmitter and receiver, leads to the necessity of discovering how radiation 
from an aerial varies at different vertical angles. Successful point-to-point long-distance trans¬ 
mission at high frequency, depends upon a proper choice of the frequency together with the vertical 
angle at which the radiation leaves the transmitter, and at which it is directed upwards towards 
the ionosphere. 






13. Guided Waves in Feeders and Aerials.—It has been seen that a good aerial involves 
the simple requirement that a large current should flow between two points as far apart as may be 
possible. In p>aragraph 10 it was suggested that, in practice, the amplitude of oscillatory current 
at different points was unequal, and it is now necessary to examine this matter in some detail. 

Maxwell helps us to have a picture of what happens when a current flows in a circuit. He 
imagined a very large parallel plate condenser, having the two plates oppositely charged to the 
same potential—^Fig. 8 (a). 
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If now a wire of resistance R is joined across AB as in Fig. B (6), electrons will flow from B to A, 
or in conventional terms a current will flow from A to B. The collapse of the electric field may 
be regarded as a drift of the tubes from left to right, the movement being associated with a magnetic^ 
field at right angles, due to the ‘‘ displacement current.” The electric flux lines making successive 
contact with the wire, maintain the P.D. that causes electrons to flow. A current of electricity in 
a conductor, is thus the result of a movement of the associated electric and magnetic fields : it is a 
“ guided wave/' In a purely resistive circuit the current and voltage are in phase, which implies that 
the two fields are in phase. The state of affairs is thus similar to that of radiated energy in free space ; 
the velocity with which the tubes collapse from left to right will be that of light. Conversely, 
the same argument applies to the propagation of electric flux along a pair of infinitely 
long feeder lines joined to an alternator: if there is no expenditure of energy in the 
conductors the velocity of the “ guided ” wave will be that of a free wave—namely 3 x.lO^® cms./ 
sec., and Fig. 9 gives a pictorial representation of the process. ^ 



CIRCLES represent MAANCTIC FLUX AT RiQHT AN&LE.& . 

Fig. 9. 


At this point it can be emphasised, that the supply of H/F energy to an aerial involves processes 
essentially similar in nature to those that take place between a power station supplying A.C. at 
50 cycles to a distant house. The difference is one of degree, in that in the former case the physical 
length of the aerial may be commensurate in size with the wavelength of the frequency in use; 
this would hardly be possible in the latter case, for the value of X at 50 cycles is about 3,726 miles, 
and the power station and the consumer are electrically side by side. 

14. Standing Waves. —^The phenomenon of standing or stationary waves occurs in many^ 
branches of science ; it is found in dealing with light waves, with sound waves, and with transverse 
waves propagated through fluids. The mechanism of stationary waves may be simply tmderstood 
by considering their production in a rope, one end of which is fixed. If the rope is extended hori¬ 
zontally and the otfier end is shaken up and down, a travelling wave will move along the rope. At 
the other end, the wave is reflected and travels back to the hand and a system of stationary 
waves on the rope is set up if the agitation is continued. The incident and reflected travelling 
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waves reinforce each other at certain points and nearly balance each other at other j^oints. The 
points where practically no up-and-down motion of the rope takes place are called “ nodes ** and 
^he points of maximum displacement are called anti-nodes.” 

The explanation may be put into more definite form by considering the ideal case of a trans¬ 
verse wave motion being propagated through a medium without any loss of energy. Fig. 10 (a) 
shows a wave travelling towards the point A, and Fig. 10 (&) shows a icflectcd travelling wave 
proceeding in the same mediurh with the same velocity in the opposite direction. The reflected 
wave is shown to be 180° out of phase with the incident wave. Fig. 10 (a) and Fig. 10 (6) represent 
the same instant of time, and since the resultant displacement of the medium must be the sum of 
the displacements due to each wave separately, the resultant displaccmrni in this case must be 
zero everywhere. In spite of this, certain points in the direction of propagation liave considerable 



Fig. 10. 


transverse velocity. Considering the corresponding points P and f it is clear that the trough R 
will at some later time arrive at P, and, at the same time, the tiough S will arrive at the point T. 
Accordingly, at the instant of time represented by Fig. 10 («) and (h), the corre.sponding points P 
and T must both be moving downwards with some velocity Vg. Fig 10 (c) represents the state of 
affairs a quarter of a period later, when the trough S and the trough R arc both reinforcing each 
other, the total displacement being the sum of the .separate displacements Hue to the incident and 
reflected waves. By considering the state of affairs at subsequent intervals of time, it should be 
clear that nodal points will always occur at N^, N 2 , N,. Anti-nodes therefore appear as points of 
maximum displacement and of maximum velocity, whereas nodes appear as points of zero displace- 
ment and zero velocity. 

In short, standing waves arise when travelling energy is reflected at a point, as it always must 
be if it cannot be used : it cannot just disappear. 

15. Standing Waves in a Long Vertical Aerial. —Fig. 11 represents the upper half of a 
vertical dipole aerial, of the same nature as Fig. 1 (a) or Fig. 4. AB is long in comparison with X. 
BC is the couphng coil, and is the source of the travelling waves of voltage and current in the two 
halves of the aerial. Now the aerial radiates energy and has resistance losses throughout its length, 
so that the power input to any section DA will be less the nearer D is to A. The peak values of 
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voltage and current will therefore also decrease, and, finally, reflection of the surplus energy takes 
place at A. 

In Fig. 12 («) the full line curve represents the WAVES OF VOLTAGE travelling up th^ 
aerial and decreasing in amplitude as they go. When they reach the top they are reflected down¬ 
wards, and the phase is changed by 180°. This phase change represents the charging of the aerial 
capacity in the opposite sense. The dotted curve represents the reflected voltage which decreases 
in amplitude as the wave travels to the bottom. The total voltage to earth at any point is the sum 
of the upwards and downwards travelling waves for the instant of time chosen. Imperfect stationary 
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Fig. 12. 
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waves are therefore set up. With perfect reflection and no radiation of energy, at the instant ulP 
time of Fig. 12 (a) there would be no nett displacement an 3 where. Fig. 12 (b) represents the actual 
state of affairs. Fig. 12 (c) represents the position a quarter of a period later, the nett result at 
tllat instant being shown in Fig. 12 (d). There is now a clearly defined anti-node at the top of the 
aerial, with momentarily nodal points at distances X/4, 3X/4, 5X/4, etc., down the aerial. 

The action of the current waves is somewhat different. In Fig. 13 (a), the full line represents 
the WAVES OF CURRENT travelling upwards and decreasing in amplitude as they go. When 
they reach the top of the aerial they too are reflected back, but tlieir phase is not changed by 180® 
as in the case of the voltage waves. This should be clear after reference to h"ig. 2, for reversal 
of any two of the three vectors does not involve tcversal of the third. The dotted curve therefore 
shows the reflected waves travelling downwards. As in tlie case of the voltage waves, the current 
at any point at any instant is given by the sum of tlie two waves. Fig 13 (ft) lepresents the nett 
displacement at the instant of time of Fig. 13 (a). It shows a node of current at the top of the aerial 
and at similar points an even number ol quarter wavelengths down the aerial. Anti-nodes of 
current occur at points an odd number of quarter wavcleiigMis down the aerial. Fig. 13 (c) shows 
the position a quarter of a period later, and, as fur Fig. 12 [a) and (6), it represents the in.stant at 
which there would be no nett displaccmc'nl anywhere if no jadiatifni, etc., occurred: Fig. 13 (rf) 
shows the actual state of affairs, and again demonstrates that (lie nodal points are imperfect ones. 

The distanci' between (wo points of maximuin ( unent in voltage will measure a half wave¬ 
length, provided that the velocity with which the w.i\ e.s travel along the aerial is equal to that of 
light. This is the case if the aerial is a thin wire, but when the aerial is a tiibi' the velocity is 
decreased, and the distance between two peaks of current will measure less than lialf a wavelength. 

When the aerial becomes very long compared with the wavelength (as i.s sometimes the case 
when the main aerial in a ship is \v ed for H/F transmission), the decrease in amplitude of the reflected 
waves becomes so large that theii effect on the travelling waves pror(‘eding from BC may be neglected. 
The current and voltage waves then correspond to those in the upward travelling wave only, and 
are therefnie in phase In other words, the acnal behaves as a re.sistancc, no matter what the 
^Frequency is, provided that it is high enough for the abo/c condition to be fulfilled. Such an aerial 
would be independent of the tuning and could be used to transmit any frequency. Furthermore, 
since there are no nodes or anti-nodes at the source, the centre of B(' could be carthtd. 

16. Standing Waves in a Short Vertical Aerial.—Wlien the whole length of the dipole is 
of the same order of magnitude as the wavelength itself, the form of the standing waves leads to 
important results. These aie summarised in Fig. 14, the curve.s being easily df*rived from Figs. 12 
and 13. 

THE X/2 AERIAL.—Fig. 14 [a) shows that there is a voltage node in the centre of a system 
which is X/2 in length; it also makes clear that, with reference to the R.M.S. aerial current, the 
R.M.S. voltages to e,arth at the upper and the lower ends are, respectively, 180^ out of phase [cf. 
Fig. 1 [a)\ It follows, therefore, that the R.M.S. voltage in the neighbourhood of the imperfect 
node is in phase with the aerial current. These phase relationships are shown vcctorially in 
Fig. 14 (a). 

The impedance of the aerial is measured by the ratio V/I, at any point, and this is clearly a 
minimum at the centre. In paragraph 11 it was shown that this impedance is of the order of 80 
ohms. Fed in this way, the system is therefore equivalent to a series resonant or acceptor circuit, 
and is sometimes described as being “ current fed.'" Since it is electrically balanced about the 
centre, it is, mechanically, something like a sce-saw. If, however, the same circuit were fed from 
a coupling circuit at the top or the bottom, the impedance would be very big, of the order of several 
thousand ohms, and the whole would behave as a parallel resonant or rejector circuit. Such a 
system is sometimes described as voltage fed.” It is important to notice that the impedance will 
vary from a high value at the free ends to a low value at the centre. A wire having on it a standing 
current wave of this nature, is said to be excited at its “ FUNDAMENTAL OR NATURAL 
FREQUENCY.” The phrase is a borrowed one, for the wire is similar to a violin string vibrating 
as a whole, or to an organ pipe open at the top. 

THE X/4 AERIAL.—Since any voltage node is “earthy" in potential, it may in fact be earthed 
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without affecting the voltage and current distribution. This idea led Marconi to the use of a X/4 
aerial, Fig. 14 (6). With the help of a coupling coil, the aerial can be excited at the earthed end, 
and will have a fundamental resonance when the frequency corresponds to a wavelength rougMy 
four times the length of the aerial. As a matter of interest, this may be compared with a clo^d 
organ pipe, which when blown produces a note of wavelength approximately four times the length 
of the pipe. It will be noted that the anti-node of current is at the earthed end, which provides the 
reason for fitting aerial ammeters at that point for X/4 aerials. 



The working of a X/4 aerial may also be appreciated by considering a large horizontal coppe't 
sheet POPi (effectively the earth) to be inserted at the symmetrical point perpendicular to the 

and 8. 

Fig. 15 shows lines of electric force near such a radiator. 
The lines meet the conductor POPj at right angles to the 
surface, and the lower half of the system is electrostatically 
screened from the upper half. Under these conditions, the 
insertion of the copper sheet produces no change in the 
electrostatic field. 

If the lower half OY^ of the radiator is removed, no 
change is noticeable above POPj. If POP^ is a perfect 
conductor, the currents flowing in it consume no energy 
In the practical case where the earth is used instead of a 
perfect conductor, these currents absorb energy from the passing wave front, the lower end of 
it moves more slowly in consequence, and a forward tilt results. Fig. 16 shows diagrammatically 
the radiated fields, together with the associated earth currents produced by the radiation from an 
earthed X/4 aerial. The forward tilt assists L/F waves to follow the curvature of the earth (para¬ 
graph 28). The earth currents will be in the form of circular bands, within which the current will 
flow, alternately, radially outwards and inwards. 

A comparison may now be made between the action of a X/2 dipole in FREE SPACE and an 
earthed X/4 aerial, each working at the same frequency and having the same maximum R.M.S. 
aerial current. In both cases, there will be the same field strength at corresponding points "P; 
the X/2 aerial will, however, radiate twice as much energy—equal amounts above and below the 
non-existent POP^ conducting plane. 

The invention of the X/4 earthed aerial, where the earth is one plate of the condenser, is con¬ 
sidered to be the most important of Marconi's early contributions to radio engineering. From the 
short Hertzian radiator he produced lofty and efficient aerial systems, and with the ground ray 
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working with low radio frequencies, he achieved communication over long distances. Chief among 

the advantages of this aerial is the fact that it can easily be adapted to cover a range of frequencies. 

>'■ 

Hertz and Lodge, both early experimenters on high frequencies, used dipoles. It is interesting 
to observe that with the increasing use of high frequencies, the X/2 dipole is again being much 
used, and is perhaps the most popular of the H/F aerials. 
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There are thus two fundamental types ol simple aerial :— 

THE HERTZ OR | AERIAL. 

THE MARCONI OR j AERIAL. 

4 

All other types of simple aerial may be regarded as deiivativcs of one or other of these. 


V 

/ 


/ ♦ 

♦ 

1 

♦ 


\ 






Vertical 



17. Image Aerials—The Function of the Earth.- The lower half OY^ of the dipole 

of Fig. 15 may be regarded as being both the optical 
and the electrical “image*’ of the upper half. The 
conception of an image of an aerial system below the 
surface of the earth is especially useful in accounting for 
the effect of reflection from its surface. As in the case of 
optical reflection from a mirror, the image may be 
regarded as the centre from which radiation virtually 
emanates. This is equivalent to saying that the effect 
of the ground in the neighbourhood of an aerial may be 
assessed by replacing the ground by an image of the aerial, 
from which half of the available energy is radiated, and 
then calculating the radiated field produced jointly by 
the aerial and its image. The only approximation involved 
in such a process is the assumption that the earth is a 
perfect reflector and absorbs no energy. 
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Fig. 17 shows an image pattern produced by an earthed X/4 aerial, and by an elevated vertical 
and horizontal X/2 dipole. ^ 

In cases where it is difficult to obtain a good low resistance earth connection, it is necessary to 
improve the conductivity of the earth in the neighbourhood of the aerial by bur 5 dng a vast network 
of wire. In sonie cases, where it is not thought possible to make an effective earth, the network of 
wire is insulated from it and forms the second plate of the condenser of which the aerial wire is the 
other plate ; this form of “ earth '' is sometimes called a counterpoise, or earth screen. 

A portable receiver usually needs no earth connection at all, since its aerial system is funda¬ 
mentally different. It usually employs a loop aerial, the princii)le of which is fully discussed in 
the section on “ Direction Finding."' It should be noted, however, that the phrase “ earthed " is 
frequently used to denote a connection to the case containing the apparatus, and the latter may or 
may not be joined to the earth. In the case of Service receivers, however, the H.T. negative arud 
L.T. negative are combined, and this common negative is earthed before the leads reach the set. 

A portable transmitter, using a X/4 or equivalent aerial, may also need no earth connection, 
though better results will sometimes be obtained if one is used. 


18. Standing Waves.—A Case of Resonance.—It has been observed that a X/4 aerial excited 
at the earthed end, and a X/2 aerial excited in the middle, both behave as series resonant circuits 
It would therefore appear that all that has so far been explained in terms of standing waves could 
equally well be accounted for in terms of “ line resonance." The voltage anti-node at the top of a 
X/4 aerial may be regarded as similar in origin to the rise of voltage observed across a condenser 
in a simple resonant circuit. It is, however, not so easy to show in this way that the distributed 
capacity and inductance of an aerial will make it tune to an applied frequency, when its physical 
height “ I " is related to the wavelength X " by the expression ^ 

X = 4Z. 

More accurately, the factor is between 4-2 and 4-5, in the case of an aerial with peifectly distributed 
inductance and capacity. 

From the mathematical j)oiiit of view, this method of approach has many advantages. 

A most impoitant case of this line resonance is sometimes noti‘d in H/F transmitters of the 
parallel fed variety. The oscillatory frequency at some part of the range may either be the same 
as the resonant frequency of the anode choke wdth it self-capacity, or a harmonic of it, and standing 
waves may be set up in the choke of sufficient amplitude to damage its insulation. There is alsa 
the difficulty that when the choke tunes as a series K\sonant circuit, the oscillatory circuit will be 
virtually short circuited ; when the clioke tunes as a parallel resonant circuit, a voltage anti-node 
will be formed on the anode of the transmitting valve, which will accordingly be worked with a higher 
P.D. between the anode and the filament than the rating of the valve will allow. 


19. Aerial Reactance.—Fig. 18 (a) lepresents an aerial of fixed height attached to a source 
of supply, the frequency of which may be varied. The curves of Fig. 18 (&) represent the variation 
of reactance with frequency, measured at the earthed end by the ratio V/I. 


When the frequency is low, and the length of the aerial is a small fraction of X [Fig. 14 {d)], the 
aerial acts as a capacity and gives a high value of capacitive reactance OB. As the frequency is 

increased, the value of the capacitive reactance ( “q) decreases to zero value when the aerial measures 

a quarter wavelength. On increasing the frequency still further, the aerial becomes inductive 

(tyL ) and tends towards infinite inductive reactance Oi A as the aerial approaches a half 

wavelength. With a slight further increase in frequency, the aerial becomes of infinite capacitive 
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reactance OiB^ and follows through the same cycle, approaching zero for a 3X/4 aerial, and infinite 
inductive reactance for a full wavelength aerial. It is clear, that first a quarter, then a half, and 
finally a whole wavelength has been fitted in turn on to the aerial. The prrjcess could be continued. 
Allowing for losses, the dotted curve show’s approximately the variation of effective impedance at 
the lower end. 



Fig. 1H. 


20. Aerial Tuning.—Assume that the aerial of paragraph 19 is to be tunrcl to operate at a 
frequency represented by OP of Fig. 18 (b). At this frequency, the uerial inductive reactance 
is PQ. If the condenser to be inserted m the aerial is of sulIl value that its capacitive reactance is 
numerically given by PQ, then the ae^rial reactance wdlJ be brought to zero, and the aerial sy.stem 
will be in tune. If, however, the frequency chosen is .such that P is very near to O^, the inductive 
Reactance PQ may be so large that any possible condenser has far loo large a minimum value to 
time the aerial. If the frequency be represented by OPj, the aerial reactance 1\ Q* is capacitive, 
and the aerial can only be tuned by inserting an equivalent inductance. In this case, also, the 
tuning inductance required becomes impo.ssibly large if the frequency is reduced too much. The 
same applies to the other curves repre.senting the second, third, etc., harmonic modes of o.scillation. 

The operation of tuning an aerial by adding a “ loading " imluctancc or .shortening capacity 
is, therefore, equivalent to adjusting the system to be tlie electrical equal to a X/4 aerial. 

The main transmitting aerial of a battleship might have a Icng^th of 450 ft., giving it a natural 
frequency of about 500 kc./s. (LC value = 91-2 mic. jars). 

* For frequencies below 500 kc /s. it could be made into a reasonably efficient X/4 aerial, down to 
about 100 kc./s., by loading it with an inductance. Transmi.ssion might in fact be possible down to 
60 kc./s.; voltages at the deck insulator would be very high, brushing would be likely to occur, 
and aerial efficiency would be very poor. 

From the point of view of reception, the above aerial could, of course, be used down to much 
lower frequencies. 

Q B 
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From 500 kc./s., to somewhere near 1,000 kc./s., the aerial could be tuned with the help of a 
series condenser. Transmission at 1,000 kc./s. could only take place with the help of a suitable 
high impedance coupling between the base of the aerial and earth. Between some frequency aboyi 
1,000 kc./s. to another one somewhere below 2,000 kc./s., the aerial could be operated as a 3X/4 
aerial. 


In the case of an earthed X/4 aerial that has to be loaded in order that standing current waves 
may have the largest possible amplitude, the curves of voltage and current distribution will be 
something like Fig. 19 (a) and ( 6 ). 


Ilie loading impedance disturbs the form of the standing waves. At low frequencies the length 
of the transmitted waves is usually very large in comparison with the length of the aerial, and it 

has to be tuned with an inductancj 
known as the “ aerial tuning induct¬ 
ance.” Owing to the concentrated 
nature of this inductance and its 
negligible capacity to earth, the potential 
rises sharply and uniformly across it. 
For this reason an aerial coil always 
requires a greater clearance from earth 
at its upper than at its lower end. For 
the same reason, the R.M.S. current 
remains appreciably constant across 
the coil. Similarly, Fig. 19 ( 6 ) shows 
the form of the curves when tuning is 
effected by adding a capacity in series. 

As has already been seen in 
paragraph 15, the use of the ship's 
main aerial for H/F transmission 
may not involve the production of 
- , ■ 1 T L • standing waves extending to the bottom 

* ■ Service practice afloat, these aerials are always earthed, and when transmitting 

aerial is tuned by means of a condenser and an inductance with a series/parallel 
switch, until the aerial ammeter shows the maximum current at the earthed end. This is equivalent 
to adjusting the aerial system to be an odd number of quarter waves in length. If no aerial current 
is obtained in the series position, the inference is that the aerial is an even number of quarter 
waves in length, and, since the voltage anti-nodal point is earthed, no power reaches the aerial.' 
The aerial condenser must be placed in parallel, in order to produce a rejector circuit that may 
produce the requisite high impedance coupling between the base of the aerial and earth. 




(o) 


\iG. 19 




• 4 . frcqueiicie.s in the H/P range usually require the series position of the series/parallel 

switch, in ord^r to increase the capacitive reactance and tune the whole system as an acceptor 
Circuit. Ihe higher frequencies in the same range may require either the “ series ” or “ parallel ” 
position, according to whether the untuned aerial is approximately the electrical equivalent of a quarter 
wavelength or a half wavelength. When an aerial has an electrical length approximately equal 
to an even number of quarter wavelengths, it can only be energised at its base by means of a high 
im^dance coupling, such as a rejector circuit; including the latter, the lower end of which may be 

whole system then becomes electrically equivalent to an odd number of quarter wave¬ 
lengths. ^ 


In the Service, in all cases where the aerial excitation is indirect, the aerial is tuned untiTthe 
aerial ammeters show the maximum current. With direct aerial excitation, the aerial tuning is 
hxed by frequency considerations and the adjustment to maximum aerial current is made by 
control of the other circuit variables, grid tuning and coupling, etc. 
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21. The Roof of an Aerial—Aerial Capacity. —If a portion of a vertical aerial is bent over 

horizontally to form an inverted “L,” the volt¬ 
age and current standing waves will be something 
like Fig. 20. The effect of this addition to the 
aerial capacity is to increase the mean value of 
the R.M.S. current flowing in the vertical part 
of the aerial. This produces an increase in the 
effectiv-e height of the aerial and is therefore 
much to be desired. A “ T ” shaped aerial 
gives a similar result from this point of view, and 
produces a slightly better broadcast of its 
radiation. The inverted “ L " aerial has very 
slight direct i on al properties which will be referred 
to later. 


22 Aerial Form Factor.—It is clear that 
in the case of inverted “ L " and “ T shaped 
aeiials, the distribution of current in the vertical 
(c) cupbent js then no longer approximately sinoidal, 

ar.rl it is iinpos.sible simply to arrive at an esti¬ 
mate of the radiation in the way outlined 
in paragraph 10. It is, however, possible to 
arrive at a factor by which the actual height in 
either case may be multiplied in oirier to obtain 
the effective height. 

Effective height aerial form factor x actual height. 

Let L = length of horizontal part of 1" aerials. 

= half total length for flat-top T aerials. 

Let I = height of aerial. 
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Work out the ratio —. 


Then the A F F may be determined from the following table 


L 

1 

1 

A.r.F. 

1 

1 

L 

1 

AIM'. 

0() 

0 039 

1-5 

0-940 

n-1 

0-69fi 

2-0 

0-958 

U-2 

0-741 

3-0 

0-979 

0-3 

0-777 

4-0 

0-987 

0-4 

0-80H 

5 0 

0-993 

0-5 

0-830 

6-0 

0-996 

0-6 

0-850 

7-0 

0-998 

0-7 

0-867 

8-0 

0-999 

0-8 

0-881 

9-0 

0 ■ 999 

09 

0-893 

10-0 

1-0 

1-0 

0-904 

— 

— 


This factor gives a fair approximation to the radiation or effective height for shore station 
aerials, and for merchant ships with wooden topmasts of equal height, small metal superstructures 
ajid the feeder well away from the fimiiel. 
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23, Aerial Capacity in L/F Aerials. —^An L/F aerial is almost necessarily of the earthed X/4 
type. With aerials of this nature there are at least three good reasons why the aerial capacity 
between the roof and the earth should be as large as possible :— ^ 

(а) The radiation resistance is proportional to the square of the effective height; the 

latter is made large, firstly by making the actual height large, and secondly by 
attaching to the top of the aerial a horizontal roof which represents a large con¬ 
centrated capacity, and which, therefore, makes the effective height more nearly 
equal to the actual height. 

(б) It was observed in paragraph 20 that the loading impedance disturbs the form of the 

standing waves. In a ship, the loading impedance will usually be below deck in the 
transmitter, and connection to the aerial will be made through a vertical aerial 
trunk to a deck insulator. If the oscillatory potential of the aerial at this point 
is much above the potential of the deck insulator, it is possible that a loss due ty 
“ brushing " may occur. The greater the capacity of the aerial, the less inductance 
will be requiied for tuning to any particular frequency, and consequently the less 
will be the oscillatory potential of the aerial at the deck insulator. The aerial 
inductance may be considered to be concentrated in the loading inductance, and the 
voltage across it is given by 

1 

El — fijLI: but to = ~ r 

V LC 

El - 7^ . I 

V LC V 

From tliis it is clear that C should be big in order that El may be small. 

“ Brushing " as distinct from ‘‘ sparking is a phenomenon with which every"’* 
telegrai)hist is familiar ; it is manifested by a silent bluish discharge from any high 
potential point in the aerial circuit in the direction of the closest earthed object; 
or it may proceed from the earthed point in the direction of the high potential 
point. It indicates that the air in the neighbourhood of the conductor is being 
ionised, and its insulation broken down. An aerial brushes most vigorously from 
its ends and from sharp points and angles If the feeder is immediately abaft the 
funnels, the smoke and funnel gases will considerably increase its tendency to 
bru.sh, as they partially ionise the air and decrease its dielectric efficiency. They 
will also tend to make the aerial wire brittle. For this reason it is best, when 
possible, to feed the aerial before the funnels, especially in destroyers and other, 
smidl craft with low aerials. Once an aerial has started to brush, it is useless to 
increase the aerial current; the transmitting range will not be increased, and at 
night the position of the ship will be disclosed. 

It is found in practice that this limit is reached, at low frequencies, when the 
voltage gradient is about 30,000 volts/cm. The potential gradient around an aerial 
wire depends on its diameter; the larger the diameter, the less is the danger of 
brushing. With a single 7/19 aerial wire, the critical voltage gradient might be 
reached when the oscillatory potential reaches a peak value of about 30,000 volts. 
For aerials in H M. ships the peak voltage seldom exceeds 40,000 volts. 

As an approximation, the loss due to this cause may be taken as inversely 
proportional to the frequency, for volta.ges about the critical value. 

(c) The capacity of an aerial system is distributed unevenly. In a ship, some of the 
capacity may be considered to be concentrated between the roof of the aerial and 
earth, and some between the aerial feeder and the earthed aerial trunk through 
which it passes from the wireless office. 
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Fig. 21 shows these two capacities as and Cg. If is larger than C^, the 
form of the standing current wave will be very much disturbed ; most of the aerial 
current will flow in the wire in the trunk, and little will remain to flow in the elevated 
radiating wire. The radiation resistance would be seriously reduced. 

To retain the condition that a large current should flow between the two pKiints 
as far apart as may be possible, it is essential that capacity C|, sometimes called 
the radiating capacity, should be greater than sometimes called the non¬ 
radiating capacity. The energising of an aerial is often considered to be the 
operation of charging the distributed capacity to earth of the aerial. In the simple 
vertical wiie, the numerical value of each of the parallel connected capacitive 
elements decreases as the distance up the aerial increases , quite a small current 
will charge the capacity element at the top oi the aerial to quite a high potential— 
a voltage anti-nodr. If is big, a large cuneiit will be required to charge it. 



In order to have a big radiating capacity, the roof sy.stem ot wires .should have the greatest 
possible area. Two wires hoisted up parallel to and at a considerable distance from one another, 
will have a capacity nearly twice that of a single wire, hut as the wires approach one another the 
joint capacity becomes less, so that when they are within (say) a foot of each other, very little 
extra capacity is gained by the use of the second wire. A few wires spaced far apart are better 
than many wires near together, so far as total capacity is concerned. 

It is bad practice to bring a portion of the aerial low down with the idea of increasing the capacity, 
although the latter is necessary for frequency range ; the decrease in radiation height far outweighs 
the advantage of any increase in capacity. 

' The capacity of a ship aerial (ti) will not remain constant unless the aerial is hauled out uniformly 
at all times. It will vary as the aerial sways in the wind, as turrets are trained, and as awnings are 
spread or furled. It will also depend upon whether decks are wet or dry, and whether the ship is 
rolling. The value of cr in a ship varies from 0-3 jar in a submarine to about 2 jars in a big snip. 
For shore stations, aerials have a capacity up to 10 jars. The value of a for the big aerial at Rugby 
is about 40 jars. (The natural inductance of a ship's main aerial generally lies between 10 and 
70 mics.) 
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24. Loss Resistance. —The effective total resistance of an aerial is made up of two parts— 
RADIATION RESISTANCE, and LOSS RESISTANCE, the former “ useful'' and the latter 
wasteful/' 

The loss resistance is due to a number of causes, and it is clearly desirable that this “ resistance 
should be small and the radiation resistance large. The components of loss resistance are sum¬ 
marised in the following table :— 




Effective total resistance. 

1 



1 . 

Loss resistance. 

1 



. . 1 . 

Radiation resistance. 

1 

Loss in 

1 . 

Brushing 

1 

PR losses 

1 

Loss by 

1 

Loss in the 

1 

Loss by eddy 

inferior 

losses. 

in aerial 

leakage 

ground 

currents in 

dielectrics. 


and earth 
circuits. 

over 

insulators. 

connection. 

neighbouring 

conductors. 


{a) LOSS IN INFERIOR DIELECTRICS.—This loss is due to dielectric hysteresis, 
an A.C. phenomenon, which is particularly evident in dielectrics such as wood, 
concrete, masonry, trees, etc., which might happen to be near the aerial and hence 
acted on by the electrostatic field around it. It is intimately related to dielectric 
absorption—a D.C. phenomenon. 

Smoke or funnel gases do not materially affect the dielectric properties of 
the air near the aerial; they may be a contributory cause to the various crackles 
heard in a neighbouring receiver, but escaping steam is a much more potent one. 

(6) BRUSHING LOSSES.—These have already been considered. 

(c) CONDUCTOR LOSSES IN AERIAL AND EARTH CIRCUITS. 

THE AERIAL.—The method of construction of the aerial must be a compromise 
between the requirements for good conductivity and those for mechanical 
strength. 

In order to keep down “ skin effect,"' it is better to use stranded wire 
than one solid conductor. Bare iron wire should not be used, as, owing to its 
permeability, “skin effect" is very marked. Galvanised wire is better, as 
the current will flow over the galvanised skin ; it is not so good as copper wire 
In most of H.M. Ships the aerial wire is 7/19 phosphor-bronze (not enamelled) ; 
it is strong but expensive. Insulated wire should not be used, as it becomes 
covered with a semi-conducting layer of soot which, forming a skin to the wire, 
would carry a certain proportion of the aerial current and therefore cause a 
great resistance damping. 

The importance of making all joints in the wire with the greatest possible 
care cannot be too much emphasised. Although a badly-made aerial may 
send nearly as efficiently as a well-made one, on account of the transmission 
energy being sufficient to " jump " any small break in the continuity of the 
conductor, yet, when it is used as a receiving aerial, the minute currents will- 
be unable to flow through any high resistance junction, and great loss of 
efficiency will ensue. The best arrangement is to make aerial and feeders 
continuous throughout, the aerial wires being taken round a thimble and used 
to form the feeders. This arrangement is the strongest and the most efficient 
electrically. 

The construction of an aerial is a troublesome task. Accordingly, when- 
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ever a new aerial ha.s to be made, it should be done as carefully and strongly 
as possible, special attention being paid to the measurements of the wire. 

Tk e wire should never be soldered in any place which is going to be in a 
state of tension, since soft solder has little tensile strength. Moreover, soldered 
joints at thimbles and elsewhere tend to break. This is because the solder 
makes the stranded wires stiff by filling up the spaces between the strands; 
continual vibration combiiu d with small flexuring of the wire tends to make it 
break at the end of the stiff part. 

All sharp points, roughnesses, burrs and sharp bends or kinks should be 
smoothed off or otherv’ise avoided, because they assist in the leakage of energy 
in the form of brushing. If these precautions are taken, the aerial, when once 
up, will remain up for a very long time without giving any trouble. 

THE EARTH.—Earth losses depend on the high-li ecjuency resistance of conductors, 
and the latter increases wnth the square loot of tlie frequency due to skin 
effect. 

The losses can therefore be assumed to \ary directly as the square root 
of the frequency. 

{d) LOSS BY LEAKAGE OVER INSIM VTORS.---Defective insulation will account 
for a considerable loss in efficiency especially on low frequencies, not only when 
transmitting, but also when receiving; the loss is greatest during periods of rapid 
temperature change. 

Leakage to earth in this way is equivalent to having a resistance in parallel 
across the aerial capacity, and this can be replared by an equivalent scries resistance, 

whose value is given by where R is the resistance of the leakage path. 

Hence losses due to leakage are inversely projmrtional to the square of the frequency. 
As an approximation, they are generally taken as varying inversely as the frequency. 

The points where lo.sses are liable to ocair are at the insulators in the trunk, 
at the deck insulator, and at outhaid or strain insulators. 

It is, therefore, the duty of the wireless staff in a ship to keep all these scrupu¬ 
lously clean, esj)ecially after high speed steaming, heavy rain or bad weather, 
since under these conditions the in.sulators will probably be covered with a semi¬ 
conducting layer of “ stokers," dir!, or dried .salt. 
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Fig. 22. 


Strain insulators are fitted with an “ anti-brushing " fitting, as in Fig. 22 (6). 
The reason for this is as follows :— 

Suppose we have a plain porcelain lod, as in Fig. 22 (a), one end of which is 
connected to earth and the other end to an aerial wire, which may have an oscillatory 
potential of 40,000 volts, there will then be a great tendency for sparking to occur 
over the surface of the rod. If, however, “ anti-brushing " rings are fitted, the 
electric strain is imposed on the air between the two rings, i,e,, over a larger area 
of dielectric, and the tendency to brush is reduced. 





Section “ R/' 


The number of strain insulators used in staying out the aerial and feeders 
should be kept as low as possible, as each additional insulator provides another 
possible leakage path in parallel. 

(e) LOSS DUE TO EDDY CURRENTS IN NEIGHBOURING CONDUCTORS.—Any 
metallic bodies near the aerial or feeder are in the direct inductive field, Eind will 
have currents induced in them. The magnetic field due to these currents reacts 
on the aerial by ordinary transformer ” action, and increases the loss resistance. 
For this reason the aerial and feeders should be kept as far away from metal as 
possible. 

Similarly, the feeder should be at the maximum possible distance from, and 
never parallel to, stays, guys, etc. In spite of these precautions, currents will 
be induced in all the stays supporting the masts of a ship or shore station. These 
stays may be in one of three conditions :— ^ 

(i) Well insulated from earth, and split up into a number of well-insulated sections 

(ii) Connected to earth by a low resistance path 

(iii) Connected to earth by a high resistance path. 

Metal stays or halyaids should not be allowed to rub across each other, since 
this is a fruitful source of crackles in reception. 

For both transmission and reception, condition (i) is best, then condition (ii) ; 
condition (iii) should never be tolerated. 

If, therefore, the rigging insulators become so coated with dirt, paint, or tar, 
that they cease to invSulatc satisfactorily and cannot be cleaned, they should be 
slioit-circuited. Stays and shiouds should be carefully earthed at the point where 
they are connected to the hull. 

Wlien transmission is taking place in a ship, all the stays, etc., will be set in 
oscillation at a frequency depending on their length. Stays should, therefore, be 
divided up into sections of such a length that minimum interference is caused to 
reception ot short waves. 

At a shore station the best condition is that the masts themselve| should be 
insidated from earth. This is not easy to achieve, however, for mechanical reasons. 
If the masts are ul metal, they should be so placed that the feeder does not have 
to run near any of them. 

This lo.ss iiicrea.ses with the square root of the frequency, for the same reason 
as conductor losses. 

25. Effective Total Resistance. —With a given aerial and a given current, we have seen 

that 


(fl) Radiation resistance varies directly as/^. 

(6) Resistance corresponding to conductor losses in the aerial and earth systems, and to 
ed^ current losses, increases as / increases, and may be taken as proportional to 

V/T 

(c) Resistance corresponding to dielectric absorption losses, leakage and brushing, decreases 
as / increases, and may be considered as inversely proportional to /. 

These facts are conveniently summarised in Fig. 23. Three curves—(a), (6) and (c)—are 
drawn showing how the above losses vary with /. The dotted cqrve illustrating the loss resistance 
is obtained by adding the curves (6) and (c), and shows that at some point, such as X, the total 
loss resistance is a minimum. The top curve, showing the total effective resistance, is obtained by 
adding curves (a), (6) and (c). 
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The curves given above are derived from theoretical considerations. It will be found, however, 
that the “ effective resistance " curve of any aerial will have the same general shape as the one 
^iven. 

♦ 

26. Aerial Efficiency.—The reduction of loss resistance of aerial systems is especially 
impwtant in high-power long-range shore stations, using low frequencies. 

In the case of low frequencies it was seen in paragraph 11 that the radiation resistance is 
necessarily low. Aerial efficiency mc'asures the ratio of power radiated to power supplied, and can 
be defined, therefore, as the ratio of the radiation resistance to the total aerial ri sistance. 

Power radial ed Rr 
J^ower supplied Iv ^ 

where Rj, denotes the loss lesistance. 
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VARIATION OF AERIAL RESISTANCE WITH FREQUENCY. 

1 lo 2:1. 

Let I denote the aerial height. If the latio of //X is kept con.stant as the frequency is increased, 
it will usually be found that tj increases fiom very low values, often to values as high as 90 % 
for H/F. aerials ; this is due to the dt^erease in Rl of the above equation as the physical length of 
the aerial becomes smaller. 

For a given frequency, the only ways of increasing aerial efficiency are :— 

{a) To increase the height, by erecting very costly masts which are in fact unpractical 
above about 300 metres, or 

(6) To reduce the losses in the aerial and earth circuits, so that they are small compared 
with the radiated energy. 

In the case of low frequency shore stations the special methods employed to keep the loss 
resistance down to very low values will depend upon the nature of the earth in use. 

The case of a CONDUCTIVE EARTH is well seen at one station in France. The earth system 
there consists of a network of copper wires spaced 10 metres apart, divided into sections, and balanced 
electrically so that each section carries approximately the same current. The sections of the earth 
network should be symmetrical around the station, as regards both length and disposition. 
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The impedance of each of the earth sections is equalised with the help of artificial inductances 
and condensers. 

The saving in energy loss may be appreciated by considering a numerical example. Let the 
resistance of each of the earth connections be R. Considering the simple case of only two earni 
leadSi it will be assumed that, due to bad balancing, the current in one lead is twice that in the 
other. This means that two-thirds of the current will flow in one lead and one-third in the other 
and the total losses of the system may be written 

(il)2 R + (*I)2 R = RP (4 + 1) = I RP. 

Supposing, however, that the impedances of the two paths are equalised, the loss would be given by 

ill)^ R ill)^ R = JRP. 

The energy loss is clearly smaller in this case. 

The case of a COUNTERPOISE earth is illustrated in Fig. 24, which shows wires running 
radially outwards on insulated supports, without connection being made to earth plates at the outer 
end of the system. Tht* function of the screen is to intercept the lines of force from aerial to earth, 
and to carry the return current on the screen wires rather than by the earth. Since no current 
flows in the earth itself, the losses due to poor conductivity are avoided. To get sufficient aerial 
capacity the surface area of the screen should be large. It should extend, on all sides, beyond the 
area covered by a plan view of the aerial system, by a di.stance equal to the height of the aerial. 



Loss resistance may also be reduced very much by the use of a MULTIPLE TUNED AERIAL 
-Fig. 25. 

The system is due to Alexanderson, and is of particular value when the position of the station 
renders it diflicult to obtain a good earth, e,g., when it is built on stony or sandy soil. 

It constitutes, in effect, a number of separate aerials in parallel, each with its own open-air 
tuning coil. Assume that the system consists of four aerials, each being tuned and having a current 
of I amps. If the earth resistance is R ohms, the total power lost will be 4PR. If, however, only 
one aerial is employed, having the same earth resistance but with a current of 41 amps, in the aerial, 
the power lost would be (41)* R ; this is 16 I* R, or four times the previous amount. 

These aerials are expensive to construct and the process of changing the wave frequency is a 
alow one. 
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The conductive earth in modem warships is usually very good compared with that of the average 
shore station. The screening cases of receiving sets are bonded to the racks on which they are 
' -Jpunted and an effective earth is obtained when the latter are bolted down to the metal deck* 
Formerly it was the custom to provide special earth wires which passed up the inside of the aerial 
trunk and thence to the ship's side. 



MULTIPLE TUNED AERIAL. 

Fig 25. 


) 27. Ship Aerials.—The arrangement of aeiiaLs in a warship presents problems not usually 

pncDuntered elsewhere. With the exception of the largest liners, ships (and small shore stations) 
equire to use one line of communication only; they are required to b(‘ able to receive on one 
requency only at any given time, and in general to be able to transmit on the same frequency, 
^arge shore stations may have to be able to reccivf* and transmit on many frequencies simultane- 
msly. To make this possible, receivers and transmitters are spaced by a distance of several miles, 
the latter being controlled from the receiving station. It is essential to have this separation in 
order to remove the receivers from the swamping influence* of the transmitters. 

It is necessary for a warship to be able to receive on a number of different wave frequencies, and 
it is very desirable that reception should not be subject to interference due to transmitters in the 
^hip working on other frequencies. It is obviously impos.sible to .separate the transmitting and 
receiving aerial systems by any appreciable distance. There are, however, two methods of mini¬ 
mising this mutual interference; they are termed respectively tlie “ Spaced aerial system " and 
“ Central control system.” 

THE SPACED AERIAL SYSTEM.—This system consists in placing transmitting and receiving 
aerials as far apart as possible, t.e., at opposite ends of the ship. 

Fig. 26 shows a ship fitted with the spaced aerial system. The main transmitting aerial is 



Fig. 26. 
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rigged between yards on the foremast and the mainmast, the end being led down to the transmitter 
in the wireless office. The receiving aerials are simple vertical aerials hung in the form of a curtain 
before the foremast, and are connected by transmission lines to the receivers in the wireless offic4|^ 
(For transinission llneB, see paragraph 36.) 

THE CENTRAL CONTROL SYSTEM.—^The aerial rigging is much the same as in the case 
of the alternative system, but the receiving aerials are directly connected to the receivers located 
in a special compartment in the fore part of the ship. 

Fig. 27 shows a ship fitted with the central control system. The transmitter is controlled 
from the receiving room by controller lines, as in the case of shore stations with spaced transmitters 
and receivers. In R.M.wS. “ Queen Mary " the receiving station is 400 ft. from the transmitters. 

It should, however, be noted that the separation of transmitters and receivers is a disadvantage' 
from practically all points of view, except as regards the abolition of interference between tran;t- 
mitters and receivers. It is undesirable to separate operators from the transmitters, but wheie 
this is done, the first requirement becomes a somewhat complicated control system, the object of 
which is to place each operator in as close touch as possible with his own transmitter. 



iMo. 27. 


It has been observed that the aerial rigging is much the same in the two cases. The reccivin 
acT'ials are to some extent screened from the transmitting aerials by the foremast, which, in a warshij. 
usually carries large metal masses constituting bridges, spotting tops, control towers, etc. ; from 
the point of view of incoming signals this screening is undesirable. They are also spaced by as 
great a distance as possible from the vertical portion of the main transmitting aerial; this is especi¬ 
ally advantageous, since the latter is the part of the aerial associated with the most intense field 
Interference is still further minimised by terminating the roof portion of the transmitting aerial at 
some distance from the foremast ; in the figures, the insulators mark the end of the main trans-"* 
mitting aerial. 

Where two or more transmitters are installed in a ship it is advisable to fit them in the same or 
adjacent compartments, so as lo keep their aerials remote from the receiving aerials. 

A further contribution to the solution of the pi oblcm of simultaneous transmission and reception 
in the same ship may be made by fitting R/F filters between the aerials and the receivers which they 
supply. This is a matter which might introduce considerable complication into a receiver outfit, 
and, in some of the larger ship in.stallations in liners, the problem has been approached by fitting 
two separate exchanges, one for the various receiving aerials and one for the filter units. Filters 
may be connected to the aerial exchange so that any receiver can be connected through any filter 
to any aerial. Such an arrangement might also make it possible to supply several filters from one 
aerial and several receivers from one filter. The design of such R/F filteis must depend upon the 
cause of the interference which it is desired lo suppress, and it is here assumed to be due to a powerful 
transmitter working on a frequency widely separated from that of the signal which it is desired to 
receive. In actual naval practice, the frequencies on which a warship will be required to transmit 
or receive are fixed whilst the ship is serving on one station ; moreover, on a change of station, the 
new frequencies required will not be far removed from those previously used. It therefore appears 
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possible to divide the total frequency range used in Naval communications into a series of sections, 
and say that, in general, one transmitter and one receiver will be working in each section. If a 
^nd pass filter covering one of these sections is fitted between an aerial and a receiver, it should 
be theoretically possible to ensure that no transnutter working outside this section will interfere 
with the receiver. Such a band pass filter would consist of a chain of coupled circuits, but it could 
be arranged so that the circuits were all pre-set, requiring no tuning by the operator wliatever the 
tuning of the receiver provided it be wilhin the pass band of the filter. The response curve of such 
a band pass filter is one that shows a very high attenuation for signals outside the band and a low 
attenuation for signals inside it. 

In general, filters lor this use may be of two distinct types—“ band pass filters ” and “ tuned 
filters.*' 

Band pass filters can be airanged to pass to the appio])iiiite receiver all frequencies within a 
pertain band, and reject all irequencies outside it Tuned lilteis ran b(‘ arrangi'd to pass a very 
narrow band of frequencies. Band pass Iilteis have the advantage of easy operation, but suffer 
from tile disadvantage that any iiilerlering signal within the band is passed on to the receivers ; 
this interference may be due to one of the harmonics of some transmitted frequency, in which case 
its presence would be serious. Tuned filters, on the other hand, could protect the receivers from all 
interference not at nor very close to the signal frequiMicy, theiefoie olfi'ring a much gi eater degree 
of protection, though requiring careiul re-tuning ft^r any iliaiige of frequency. 

There arc many different varieties of lilter sections which could be utilised, but for the purpose 
of rough classification the following types may be noted .— 

[а) Filters with acceptor circuit chai act eristics connected in jiarallel between aerial and 

receiver. 

(б) Filters with rejector circuit characteristics connected in scries between aerial and 

» receiver, 

Rci (c) FiltcTs with rejector circuit characteristics, connected in parallel between aerial and 

lecciver, with a high resistance in series with each parallel ciicuit. 

A further considerable decrease in the amount of interference could be obtained by a reduction of 
he amount of power ladiated as harmonics by the ship’s transmitters. This could be effected by 
increasing the number of coupled circuits. That would involve either an inn ease in the space 
occupied by a given transmitter, or, alternatively, a reduction in the power used, and in cither case 
some complication would be added to the transmitter, due to the additional tuned circuits. In 
R.M.S. “ Queen Mary,” where every attempt has been made to achieve simultaneous transmission 
and reception, the transmitting frequencies have been chosen so that none of their harmonics fall 
within 10 kc./s. of the frequencies in use for reception. 

Transmitting aerial de.5ign is subject to grave restrictions imposed by the position of the funnels, 
stays, guys, etc. 'fhe principal object in fitting the main L/F aerial should be to make its radiation 
height as great as possible. A “ flat roof ” form of aerial is commonly used ; it consists of four or 
more parallel wires spaced by spreaders at either end. This is a simplification of the older Naval 
aerials that consisted of cylindrical arrangements of wires in parallel, the well-known “ sausage " 
aerials. It is undesirable that the free end of an “ L ” aerial should be at a lower level than the 
point at which the roof joins the feeder down lead, for in that case the field due to the current in the 
roof has a component in opposition to that produced by the down lead. 

^ In a ship it is difficult to make provision for special H/F transmitting aerials, and usually the 
main aerial is used in one of two conditions. It may be operated as an untuned aerial, or as a tuned 
one. Using it as an untuned aerial, it is equivalent to a resistance foi the reason explained more 
fully in paragraph 15. Using it as a tuned aerial, adjustments are made until the electrical length of 
the aerial is a multiple of the wavelength in use. When this is the case, standing waves will be set up, 
and the aerial system will be operated as the electrical equivalent of a X/4 aerial. 

28. Field Strength (X) at a Point within Range of the Direct Ray. —In paragraph 7 the 
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general expression for the instantaneous electric field “ x ” at any distance “ d ” for which the 
inductive fields may be neglected, is quoted as 


X = 


27c/. 8/ 


3 cos Ci> 



cos 0. 


Considering only the amplitude part of this expression, and omitting the factor “ cos 6 ", which 
expresses the distribution of energy in the vertical plane— 


S = 


iTzfUj 

d 


or in R.M.S. values, using I, to denote the current in the “ sending aerial, and substituting for 
in terms of X 

2nfUls 2ncUls 

This assumes that the current I. is uniform over the length SI of the radiator. Now it was seen 
in paragraph 10 that for any aerial we can derive an effective height, over which the current is 
constant. If this is Ir for an earthed X/4 aerial, the effect of the " image " is to produce a radiatoi 
of appaient length 21^. » 

The factor 2 is dependent on the assumption that the earth is a perfect conductor : where 
this assumption is a bad one [cf. paragraphs 16 and 17), the factor 2 is too big. 


Writing 2lr for 8/ we have 
X = 


2TZC2lrlj: Anclrlg 


d\ 


dT, 


in E.M.U^s. 


have 


Substituting for c and expressing X in practical units ^ ^.nd measuiing in amps., v , 


X = 


471X3x101® 377 


X 10 Xc^ 


X^ 


in 


volts 

cm. 


if X, Ir and d are in cms., or 


X=- 


377/. I. 


volts 
in 


Xrf .metre 

if X, If and d are in metres, and similarly for other units of length. 


This is a well known and widely used formula, which gives the approximate field strength to 
be expected at distances exceeding 5X and up to 200 to 300 miles, when /.I,—the metre amperage 
of the transmitter—is known. It makes no allowance for attenuating losses (absorption losses) 
suffered during propagation, and for long distances Austin and Cohen have added an exponential 

factor e 

where " c " is the base of a Naperian logarithm, 

where " a " is an experimentally determined constant which varies with the time of the day 
and the path followed, and is approximately 0-0015 for transmission over sea ; and 

where " d " and X are both measured in kilometres. 


The formula then is 


X = 


_ 

0-377 X 10®/.Lf 


micro volts, 
metre 


where d, X, and I, are measured in kilometres. 
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The attenuation factor shows clearly that as / increases, the value of X at a given distance 
rapidly falls, and the “ ground ray ” virtually disappears at a short distance from the transmitter. 

\ The fact of long range H/F propagation in spive of the disappearance of the ground ray, led 
to the discovery of the reflecting properties of the ionosphere, and the extensive use of the “ sky 
ray/’ The Austin Cohen formula cannot be applied to the indirect ray, >^hich is relatively less 
attenuated than the direct ray. This subject is discussed more fully under the heading “ Propa¬ 
gation of electromagnetic waves/’ Neilher the above classical Austin Cohen foimula, nor the many 
more modern variations of it, are capable of giving a complete account of the facts Only one other 
example will be given ; as a result of measurements made in 1922 between Hor^^ea Island and H.M.S. 
“ Antrim ” on a cruise to Sierra Leone, the following formula was suggested by H M. Signal School ; 


0 

0-377 X Wlrlse'-TT- 

' Xr/ ■ 


micro volts 
metre 


29. Voltage Produced in a Receiving Aerial,—Tiarsmittiiig and receiving aerials have 
properties which are reciprocal in nature Geneially speaking, good radiating aerials also make 
good receiving ones A receiving aeiial serves, as / were, to make use of the alternating P.D. 
which exists between two points vertically spaced ir tlie ele« tiostalic field of the passing vertically 
polarised radiation. 

If the effective height of the receiving aerial is the K M.S voltage in the aerial will be given 
by 


V - X/; 


377 Ir I'r L 
Xrf 


Receiving aerials are treated in greater detail at a latci stage. 


30. Typical Values of the Field Strength (X) in Micro-volts per Metre. 


l-requeiiiy. | ^ Kemarkh. 

^ per metre. 


I 

M/F Broadcast . 10(),()00 Very rinse to hi^h power slaiK»ns 

5,01)0-30,00(1 Kequisite value fur Rood telephony service in towiia where 
“ man-made static " is bad. 

,, 10,000-15,000 Limits of field strength j)roduLcd by Lroitwich B.B.C, 

station at Portsmcjuth 

,, 1,000 Quite a good telephony signal, but needs H/F amplifica¬ 

tion , jKJor " signal to noise " ratio. 

,, 500-5,000 Average signals at 1,000 miles at night from a high power 

broadcast station. 

„ 100 A readable telegraphy signal; needs a good receiver; 

much interference. 

,, 50 Often considered the minimum satisfactory signal. 

,, 10 Extremely weak; needs a receiver with many refinements, 

H/F Broadcast and Beams .. 100 Quite a strong telephony signal; uses the indirect ray. 

,, ,, 10-20 Satisfactory reception. 

,, ,, 1-0 The minimum acceptable signal to the G.P.O. in their 

radio telephony services. 
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It will be noted that a much smaller signal gives satisfactory service at high frequencies. The 
reason for this is that atmospheric noises at H/F are much less intense than at L/F and M/F. It 
is accordingly possible to preserve an adequate “ signal to noise ” ratio, using a much smallei 
signal strength. For this reason also, it is clearly impracticable to give comparative values of ^ 
in terms of any R code. 

31. Jpransmitting Aerials—Numerical Exercises. 

{a) A transmitting aerial having an effective height of 2/?! times the physical height has 
a current at the base of 725 amps., at a frequency of 16 kc./s. (X = 18,800 metres) 
Given that the physical height is 175 metres, and the aerial efficiency is 11 per cent 
find— 

(i) the value of X and of H at 175 kilometres ; 

(ii) the value of R,; 

(iii) the power radiated ; 

(iv) the power in the aerial; 

(v) the R.M.S. value of the voltage produced in a receiving aerial of 100 metres 

effective height at 175 kilometres 


(1) Effective height = ^ X 175 111-3 metres. 


377 X 111*3 X 725 volts millivolts 

t ri ~ j if ' 


18800 X 175000 metre 


metre 


volts 

9*25 X 10 - 

cm. 


(para. 2) 


II - 


300 


9*25 j£l^' 
‘ 300 ' 


- 3*08 X 10 


-7 lines 
cm“ 


/ dynes \ 


( 2 ) 


R, 


1580 X 111-3 
18800* 


= 0 ■ 0554 ohms. 


(3) Power radiated = 725* x 0-055 = 29 kW. 


29 X 100 

(4) Power in the aerial-- = 264 kW. 


mV 

(5) V = 9-25 X 100 metres = 0-92 volt. 
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(6) On 100 kc./s. (X = 3,000 metres) the field at 1,469 kilometres from Horsea Island 
W/T station was observed to be 86 |iV per metre. Assuming the “ metre amperes " 
of the Horsea aerial to be “ 100 X 35 ”, using the Austin Cohen formula, obtain 
a ” calculated ” value for X at the above distance. 


- n-WMS _X 146 H 

0-377 X 10* >^0-1 X 35 “ ■ 

' 3-0 .X 1469 ■ ' 


298 f 


2 2 
I 73 


-- 298 i: 


=--- 298 X 0-28 


83-5 


kV 

metre. 


This result is in accordance with the commonh^ observed fart that the actual field strength at a 
given distance from a transmitter is usually bigger than llud cabailated from the Austin Cohen 
formula. 

32. Aerial Measurements. —In the foregoing discussion the radiation resistance of an aerial 
was deserd^ed as fictitious, and the effective aerial lieiglit h is been shown to be not identical with 
the physical height and difhcult to compute. It is therefore very reasonable to wonder how aerial 
constants can be obtained with some precision ; several of the funflamental jirojxTties of aerials 
are made clearer by considering this matter briefly. 


Effective Total Aerial Resistance. 

can be ineasuied in various ways :— 


f 

/I 


LOOSE COUPLING 


c.w 

O 5 CILI.AT 0 R 


THERMO-AMMETER 



riiis lias been shown to be a composite quantity; it 


(a) i'HE KESISTANCK VARIATION METHOD, 
big. 28 represents an equivalent X/4 
at‘rial, having tlu‘ aerial anuneter A in the 
eaitli lead, together with a known resistance 
Kj which must be non-inductive and non- 
cajiacitive. A switcli is shown by which 
Kj may ha introduc(‘d into the circuit or 
cut out at will. L reprusenls a small coil, 
to which is coupled a C.W. oscillator. Rl will 
be used to denote the effective total aerial 
resistance. Using a Itiose coupling between 
the oscillator and thi‘ aerial, the latter should 
be carefully tuned to resonance, with 
resistance Kj short circuited. Let the 
aerial current in this case be Ij. The pure 
resistance R^ is switched into the circuit, 
and the aerial current falls to some other 
value la- If follows that, since the aerial 
is resonant, we may write 


A KNOWN PURE 
RE5I STANCE 


I - — 

^ “ IV 


and 


i* = 


Rl + Rl 


Hence \ = 


Fig. 28. 


Rl + Rl 

Rl * 

Since Rj is a known resistance, it is dear 
that Rl can be calculated. For various 
reasons it is not a very accurate method. 
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(b) THE SUBSTITUTION METHOD.— Fig. 29 represents an equiv^ent X/4 aerial which 

—^with the change-over switch in one direction—has its circuit completed to earth 
through the ammeter A and coupling coil. With the change-over switch iF "he 
other direction, an artificial aerial or substitution circuit takes the place 
actual aerial. With a given input from the C.W. o.scillator, the constants 

of the artificial aerial 
circuit should be ad¬ 
justed to give the same 
aerial current as that 
given by the actual 
aerial. The resistance 
of the substitution cir¬ 
cuit must be non-in¬ 
ductive and non-capad- 
tive, and the capacity 
itself should be as pure 
as possible. If thesu 
instruments are cali¬ 
brated, it follows that 
both aerial resistance 
and aerial capacity are 
obtained by direct read¬ 
ing. This method of 
measuring total aerial 
resistance is a very satis¬ 
factory one, but re¬ 
quires slightly more 
elaborate apparatu.^ 
than the re.sistance 
variation method. 

(c) THE AMMETEK AND VOLTMETER METHOD.—Fig. 30 {a) and (&) represents a 

X/4 and a X/2 aerial which could be excited respectively in the manner shown. 


equivalent 

ARTIFICIAI. 

AERIAL 






THERMO- 

ammeter 


I 


’ C.W. 
OSCILLATOR 


LOOSE 

COUPLING 


Fig. 29. 


IN THE CAvSE OF THE X/4 AERIAL, the circuit at the base is tuned to tflr 
frequency of the C.W. oscillator, the aerial being said to be in tunc when the ratiD 
V/I is a minimum. The value of this ratio represents the total aerial impedance, 
which at resonance is a pure resistance. 


IN THE CASE OF THE X/2 AERIAL, the circuit at the base is similarly 
tuned until the ratio V/I„ is a maximum. The value of this ratio gives the total 
aerial resistance at the base of a X/2 aerial. In this case, since a current anti-node 
occurs at the centre, it follows that when the ammeter indicates a minimum the 
ammeter I Will indicate a maximum. 

Instead of considering the base resistance of a X/2 aerial, it is more useful to 
refer the resistance to the aerial current anti-node at the centre, for this gives a 
figure for the total aerial resistance which is comparable in meaning with that of 
the X/4 aerial. It is given by— 


PR = VI^ 



where R =i R, -j- Rl . (conipare paragraph 26). 
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Fic, 30. 


These measurements lUciy be imule dearer by consulering i)ossibli‘ mimeiieal values of the two 
total resistances ; it is possible that radiation n'sislanre niiglit foim 80 piu ci‘iil in the case of the 
X/4 aerial, and possibly slightly more in the a/2 case. 


X 

(metres). 

i 

'J \ ])e of 
tierial 

' i 

(volts) 1 

J 

(,LI11])S). 

1 

la 

(.imps) 

j J'nutM III ciiTiai (Wj 

1 W.ills 

1 

'1 otal resistance 
(ohms). 

2H5 

A 

T' 

1 

100 

2*5 

1 

\ I 

250 

-r- -« 

285 

X 

‘2 

1300 

2(» 

n-4 

V]. 

520 

- .30 


With the X/2 aerial, il is, natuially, somewhat mcunvenierit to have to read an ammeter situated 
half-way up an aerial. In one case during some B B C. experiments, conducted in 1929, on an aerial 
'“Ipich was held aloft by means of a captive kite balloon, it w^as arranged that the ammeter I in the 
diagram should be a large one, so that it could be read with the help of a telescope located on the 
ground. It will be noted that the base resistance of the X/2 aerial is about 3,250 ohms. 

This figure only gives an approximate indication of the “ order " of this base resistance; in 
practice it is influenced by a number of factors, such as the proximity of the aerial to earth, and the 
nature of the aerial itself. Tubular or multi^wire aerials would not give the same value as a single 
wire X/2 aerial. 
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EFFECTIVE AERIAL HEIGHT (^.—It has been seen that the effective height of an aerial 
is intimately related to the distribution of current in it. By making assumptions about this dLs- 
tribution it is possible to arrive at an estimate of aerial effective height in simple ideal cases. 
practical determination of effective height is achieved by measuring the field strength (X) at a 
point distant about 5X from the transmitter. We have the Hertzian formula 


37 7/,l,. 
' \d 


Hence 1^ 


X7J, 
"" 377 I, 


The methods u.sed in the accurate determination of X, upon which the measurement of 
depends, will vary to some extent with the magnitude of the field strength to be measured. 

The signals are usually received on a frame aerial tuned by a condenser and having a thermo- 
milliammctcr in cirruit, Fig. 31. 

The principle of the frame aerial is treated fully in the section 
on Direction Finding, where it is shown that an incoming signal 
j)roduces a loop E.M.F. given by the expression 



El- 


2nXA 

X 


(where A — area of the loop). 


This loop E.M.F. will produce a resonant current determined by 
the resistance of the circuit and given by = IR. We thus 
have 


El 


IR 


27iXA 

X ' 


Where the field strength is large, it is convenient to measure 1^^ 
wheie the field strength is small, it is usually more convenient 
to measure El by means of a previously calibrated valve 
voltmeter. In cither case X is calculated from the above 
formula. 


With the knowledge of the effective height, a value may 
readily be obtained for the radiation resistance (R^), and the 
power radiated. 


POWER IN THE AERIAL.— In many cases the power of a transmitter is described in terms 
of the lofal power in the aerial (j^aragraph 10). This can be measured by the same apparatus 
that was described in lli(‘ “ ammeter and voltmeter method ” of determining total aerial resistanct?. 

In the case of the X/4 aerial, Fig. 10 {a), the power at resonance is given by VI; it is also, of 
course, given by PR, where K denotes the total aerial resistance. In the case of the long w^avc 
B.B.C. aerial at Droilwich, the aerial current is approximately B6 amperes, and the total aerial 
resistance is approximately 20-4 ohms. This gives a power in the aerial of approximately 150 kW. 

In the case of the X/2 aerial, the power at resonance is given by VI^; it is also given by PR, 
where R — total aerial resistance. 

With a knowledge of the power in the aerial and the power radiated, we can arrive at an estimate 
of the aerial efficiency. 

if 

33. Scale Models.—The Principle of Similar Aerials.—In the design of big aerial systems, 
it is not found possible satisfactorily to predict all of the constants. It is necessary to conduct 
small scale experiments, usually on the actual site. 

Small scale experiments in mechanical engineering are commonplace ; stresses in bridges are 
investigated by using models. The counterpart of the wave distribution produced by a big liner 
moving at a certain speed through water can be seen by towing a scale model at a different speed in 
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a tank. The underlying mechanical principle is the “ Theory of Blmilar structures,*’ the results 
of which apply equally to aerial design. For any simple aerial, the field strength at a distant point 
i*;jffiven by 

.. 377/, I. 

^ - Td ' 

At a given distance d, the same value of X can be produced by two different aeiial.s on different 

frequencies, provided that ’^is maintained constant. 

A 


Any two transmitteis having the same value of may be defined as'* similar transmitters.*’ 

The present B.B.C. medium frequency (long wave) aerial at Droitwirh is a single wire T *' 
ajrial, separated by two 700-ft. insulated masts Before th(* erection of these masts, experiments 
were conducted using models to 1/lOth and l/7th scale. Tlie l/lOlh scale model used 70-ft, masts, 
a frequency corresponding to a wavelength of 150 metres, and a given current. Experiments at 
that frequency proving satisfactory, it was considered sound to emet 7()0-ft. masts to work at a 
wavelength of 1,500 metres. 

It is iisiiallj'' safe to say tliat a scale model of an aerial will have the same radiation resistance 
and directional properties as the full-sized aerial. This principle*, that an aerial worked at one 
frequency is equivalent to a larger one worked at a lowei frequency, is of great as.sistance to the 
radio engineer. 

34 Masts for Shore Stations.—For traii.smitting purposes the design of masts depends 
very much on their height, which in turn depends upon the Ireqiiency on which it i.s desired to 
transmit ; II/F transmitters usually do not require masts as high as those luTcssary for the trans¬ 
mission of low and medium frequencies. The design of a mast alst) depenrls on the funclioii it has 
to perform. In .some aerial .systems the masts simply serv^e to support wires which are slung between 
them; these wires are called triaUcs. A triatic may form a part of the aeii.il or radiating wire, or 
it may serve simply as a means of suspension for the aerial system. In oilier cases, the mast may 
support a vertical aerial, or it may itself be operated as a vertical radiator. Masts aie expensive 
to erect and to maintain, and the introduction of A/2 vertical radiators for M/F broadcast work up 
to a physical height of 800 ft. using one mast only, produces a consideiable e conomy. Jn America, 
a single guyed vertical radiator 500 ft. in height would cost about ^4,000. Tlie B.B.C. station 
in North Ireland provides one example of this practice. In the case of M/F broadcasting stations, 
it should be stated that there are also other advantages attarherl to the u.S(' of a single mast and 
yertical radiator. Prominent among these are— 

[а) The horizontal polar diagram is rendered more symmetrical by the elimination of 

interference shadows produced by masts. Tliis kind of trouble was particularly 
acute at the older Davenlry broadcasting station, where a conventional type of 
aerial was used and Ihe mast.s were non-in.sulatcd. J'lic production of shadows 
due to the absorption of energy by masts is much reduced by insulating them, a 
practice which is now usually considered imperative. The B.B.C. difficulty was 
partly overcome by detuning the mJLsts by hanging “ tail-wires from the cross 
arms. 

(б) The vertical A/2 type of radiator has been found to increase the area over which 

S reception free from fading can be achieved. It does this by virtue of the fact that 

it increases the amount of low angle radiation while reducing the amount of high 
angle radiation ; the interference effect usually known as “ fading *’ will therefore 
be minimised, due to a reduction in the amount of down coming radiation. 

Masts are often seen to be surmounted by cantilever arms, usually for the purpose of suspending 
other triatics which may in turn support curtains of reflecting aerials. 
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For the purposes of classification, masts may be divided into two types, the guyed type and the 
self-suppyorting type. 

THE GUYED TYPE.—Tliis may be sub-divided into— 

[а) Tubular steel masts, and 

(б) Wooden or steel lattice masts. 

The tubular steel type is suitable for short masts and is simple to erect. On one occasion, one 
of H.M. Ships had to improvi.se a mast at short notice ; it was found possible to set up a 60-ft. 
mast of that style, using lengths of galvanised water tube as the raw material. The water tubes 
were in 15-ft. lengths, 1^-in. internal diameter, one end of each being provided with a screw 
thread and the olher a taj)ped ferrule. Four of these lengths were screwed together to make one 
60-ft. length. At each" joint, a piece of ins. (external diameter) tube, 3 ft. in length, was drivrn 
in to act as a stiffener, bearing in mind that the joints are the weakest portions of such a mast. A 
wooden block, with a 2-in. hole drilled in it, was provided as a heel fitting, and the top of the mast 
was provided with a wooden cap to prevent accumulation of rain water within the mast. Various 
blocl^ and endless halyards were also provided at the top, and the mast was supplied with three 
sets of four stays at heights of 20 ft., 40 It., and 60 ft. from the heel. The stays were of 1 J-in, 
flexible steel wire rope. The mast was raised into position by means of a sounding boom rigged as 
a derrick, the stays being carefully tended during the operation Twelve hands erected the mast in 
20 minutes. Subsequently, care was taken to remove traces of bending in the mast by adjustment 
of the stays. The mast withstood an aerial pull of 150 lbs. normal to the masthead, and was 
unaffected by the most severe gales. It was thought that, in an emergency, there would have been 
no constructional difficulty in erecting a 100-ft. mast of this type by simply providing extra stays. 

The new B.B.C. station at Droitwich employs two stayed lattice steel masts, 700 ft. high and 
600 ft. apart, the section of the masts being triangular and each being provided with an electrically 
operated lift within the structure. Each mast is supported by three sets of three stays, and the 
masts are insulated at the base by porcelain insulators capable of withstanding an electrical stress 
of 7,000 volts at 200 kc./s., and a mechanical stress of about 150 tons. These masts serve to support 
a single wire “ T " aerial for the transmitter working on 200 kc./s., and also a X/2 aerial, 450 ft. long, 
which is hung from a triatic .slung from the top of one of the masts. 

THE SELF-SUPPORITNG TYPE.—Within limits, lattice aerial masts may be made self- 
supporting by splaying out the base upon which tHey stand. This type of mast is useful in cases 
where it is desired to save the ground space which a stayed mast would need. It is a useful way 
of supporting aerials on the lops of high buildings. These aerial masts are usually more expensive 
to construct than the guyed type. A service example is provided by the aerial “ arrays ’ ’ at Horsea 
Island. I'he array curtains arc suspended from tnatics slung between the cantilevers of five self- 
supporting steel towers, of height about IBO ft. 

The transmission of low and mt dium frequencies necessitates the use of high and expensive 
masts, to support aerials of the loaded X/4 type. 

For the broadcast transmission of medium frequencies, evolutionary changes since 1929 have 
extended the non-fading ‘‘service area” and have popularised the half wavelength type of aerial 
using the single vertical radiator referred to above. The best British example is the North Ireland 
B.B.C, transmitter opened in March, 1936. In this case, the mast is a cigar-shaped lattice steel 
structure of height 475 ft., the steel structure itself being used as an aerial. The mast is stayed by 
three sets of insulated stays, and is supported on a ball and socket joint insulated from earth. The 
whole is surmounted by a 75-ft. topmast of adjustable height, carrying at its summit a horizontal 
ring 20 ft. in diameter. The sliding topmast was provided in order to have some means of adjusting 
the length of the aerial in case any change of the allotted frequency of the transmitter should take 
place. A 20-ft. ring, in appearance like a cartwheel, provides a concentrated capacity, sometimes 
called the “ capacity hat,” and is associated with a small concentrated inductance. By proper 
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adjustments of the localised capacity and inductance at the top of the aerial, the form of the standing 
nirrent wave may be varied at will, and it is found possible to— 

(a) increase the radiation height of an aerial of given length, and 

(b) control the form of the vertical polar diagram, adjusting it to give the maximum amount 

of low angle radiation, by making it electrically equivalent to a 0*58X aerial [cf. 
paragraph 40J when its physical height is less than 0-5X. 

In practice, the effect of the capacity hat is to reduce the length of the topmast necessary by about 
25 ft. in the case of the North Ireland li.B.C. station. In general, the capacity hat may have other 
forms and may appeal as a sphere, a cylinder, or a disc. In the two former cases, the concentrated 
inductance could conveniently be accommodated within the sphere or cylinder. 

For the purpose of reception, aerials for all frequencies may be much shorter in comparison. 
It is only for economical or high-speed point-to-point working, or the reception of very weak signals, 
that elaborate aerial arrays become necessary. 

35. Coupling the Aerial to the Transmitter, Impedance Matching. -It is a well-known 

principle in electrical engineering that to obtain maxiiniim ]H)wer dissipation in some impedance 
connected to a power unit, the value of tlie impedani'* should be equal tt) the internal impedance of 
the power unit. 

In the simple case of a resistance K joined across the Lerminals of a battery of K.M.F. given by 
E, and with internal resistance b, tlie power dissipated in the resistance is given by 

'' - ■- (k-m)’'' 

It is easy to show mathematically that P will have a maximum value when R b. 

The applications of this principle aic very numerous, and the following are some of the bettei 
known examples ;— 

[а) Matching the loudspeaker impedance at 800 cycles to the A.(' resistance of the triode 
output valve or valves of a broadcast receiver, h'or maximum j) 0 wer, the output 
impedance of any triode valve in an amplilier should be similarly designed. 

(б) Matching the oscillatory circuit impedance in a valve oscillator or transmitter to that 
of the valve, 'i'his is usually achieved by adjustment of the anode tapping point 
(A.T.P.) on the inductance constituting part of the oscillatory circuit. It should 
be noted that the oscillatory circuit may, po.ssibly, not be coupled to an aerial, in 
which case the radiation and other lo.sses will be very small. The LC circuit is 
then like a flywheel of an engine on no load, which is a reservoir of energy often 
called a “ tank circuit.’' 

(c) Matching the transmitting aerial to the tank circuit, in order that the latter should 
present a resistance to the aerial equal to the total aerial resistance. This is 
achieved by adjustment of the aerial tapping point on the tank circuit tuning 
inductance, when the aerial is located in the immediate neighbourhood of a trans¬ 
mitter and is directly coupled to it. It therefore follows that in this case the tuning 
inductance will carry both the aerial and anode tappings, and thus acts as an auto- 
transformer. 

(d) Matching the total aerial resistance, in the case of receiving aerials, to the input 
impedance of a receiver. This is u-sually done by means of a transformer coupling. 

When the aerial is not located in the immediate neighbourhood of the transmitter or receiver, 
it will be necessary to join the aerial system to the transmitter by means of a connecting line, known 
as a " transmission line.” In the case of shore stations it is usually inconvenient, if not actually 
impossible, to locate aerials or aerial arrays in the immediate neighbourhood of the transmitter or 
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receiver, and it is usual to remove the aerial system to a suitable site which may be many wave¬ 
lengths distant from the apparatus. 

In joining up an aerial system to a transmitter by means of a transmission line, the matching 
referred to above has to be maintained, but a complication arises due to the special properties of 
the connecting line. 

36. Transmission Lines—Characteristic Impedance. —connecting line, made up of 
two parallel wires, has a certain capacity C per unit length and a certain inductance L per unit length, 
and the line, is said to have distributed capacity and inductance. Fig. 32 {a) represents a feeder 
line of finite length; one end is joined to a source of supply and the other end is open. In many 
respects it is like an aerial, with the noticeable difference that the constants are more uniformly 
distributed. Travelling waves proceed towards the open circuited end where they are reflected, 
and by interference with the outgoing travelling waves the usual stationary waves are set up. Jji 
paragraph 18 it was ol)servod that the phenomenon of stationary waves could also be explained in 
terms of “ line rt sunance." A voltage anti-node, in a standing wave system, is to be regarded as 
precisely similar to the laige lesunant voltage obtainable across a condenser in a series A.C. circuit. 
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In the case of an aeiial, standing wave diagrams were drawn in a conventional manner in Figs. 
12, 13 and 14. Fig. 32 (i) represents the standing voltage and current waves on a feeder system 
open circuited at the receiving end “ P." In this figure, standing waves are represented by an 
alternative method, which has the advantage of showing clearly that the nodes of current or voltage 
are imperfect ones. This advantage is offset by the failure to show the change of phase which 
takes place at points distant X/2 apart; in this respect Fig. 14 is better. With reference to the 
receiving end at P, it may be assumed that the source of supply is located anywhere to the left of it. 
For example, at a distiuice from P equal to X/4, the form of the voltage and current standing waves 
is that which already has been described in paragraph 16. 

Standing waves must also be set up if we short-circuit the ends of the feeder lines remote from 
the source of supply. It may be considered that the current waves which have travelled along one 
conductor will return along the other and in so doing will again produce a standing wave pattern 
with results as before. In this condition, the receiving end becomes a point of low impedance, a 
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ulace where V is small and I is big. The places of the nodes of current and voltage of Fig. 32 (&) 
E^e interchanged, and the new state of affairs is shown in Fig. 32 (c). This may be clearer if reference 
pomade to Fig. 12; the dotted travelling waves of that case represent the current waves of this 
■ case, and show that a current anti-node will occur at the short circuited point. Similarly, Fig. 13 
I represents the voltage waves of this case. 

In either case, the impedance presented by such a resonant feeder line will vary with the relative 
distance of the source from the receiving end. Use may sometimes be made of this fact in matching 
transmission lines to an aerial. 

The use of tuned feeders, or transmission lines in which standing waves are present, is open to 
objection on grounds of efficiency. At the anti-nodes of potential large dielectric losses occur, and 
at the anti-nodes of current large ohmic losses occur, and it is generally considered desirable to 
suppress standing waves in feeders where high overall efficieJiLV is desired. It should now be 
C'^dent that anything which will prevent the reflection of will also prevent the production 

of standing waves. I'lie best w'ay to pievent the reflection of energy is to use it, by providing a 
suitable terminal iinjicdance to dissipate energy at the rate at which it is suj)plied. If no energy is 
reflected, standing waves will not a])pear ; no resuiianee effects will l)e observi^d. The feeder line 
will only have travelling weaves in it, and will behave' if it were of infinite length. To make a 
feeder line equivalent to a line of infinite length, it is ch'ar that at the receiving end one must add an 
ir/ipedance equal to that presented by an infinitely long line. 

Now, it can be shown that an infinitely long line, posses.sing flistributed caj)acity and inductance, 
has the pro])erty of a resistance, the value of which is given by 

R = 

{Energy could be continuously fed into such a line with a ratio of voltage to curient equal to R, 
and for all practical purposes the line would act exactly as a resistance, the line continuously 
absorbing the energy put into it and passing it continuously forward to infinity. Allowing for 
ohmic and other losses this is represented in Fig. 30 (d). The resistance which would be presented 
by a feeder line if it were of infinite length is called the “ characteristic impedance ; it is 
also called the “ iterative ” or “ surge impedance J'he term “ .mirge imjjedance" is one 
which has been borroweil irom low’ freq\jency power engineering. Its origin lies in the H/F surges of 
power that can be occasioned in low frequency power lines c(*rtain causes, principally lightning 
flashes. It was observed in paragraph 13 that under ordinary conditions in transmission lines, 
resonances or standing waves are unlikely to occur. 

H/F resonance is, however, possible in tho.se line.s, and H/F surge.s can occur and can be very 
destructive unless stejjs are taken to prevent their possibility. 

It can be shown that when the imjjedance at the receiving end lias any value other than the 
surge impedance, partial absorption and partial reflection will occur. 

The whole subject of transmission lines with distributed constants is a difficult one to handle 
mathematically, although there are various approximate tieatments, two of which may be outlined 
as follows ;— 

{a) With reference to Fig. 32 (6), each half-wavelength may be considered equivalent to 
a tuned acceptor circuit of inductance L and capacity C which gives the same 
current and voltage ratio as exists on the feeder at the frequency concerned. The 
peak value of the current is therefore given by 

■ = i 

and since the circuit is tuned we have 
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By substitution we have 





Now assume that the standing wave starts travelling along the feeder towards the 
receiving end P. It will carry its stored energy with it. If we assume that the 
receiving end, Fig. 32 (a), is closed by the surge impedance R, the peak value of the 
current flowing through it will then be given by 


V 

R 


If there is no reflection, i — 


that is 


I . and from equation (I) 

K= VI 


( 2 ) 


I 



(6) As we have already observed, suppression of standing 
waves will be achieved, if the feeder can be made 
equivalent to a non-resonant circuit. 

An interesting result which shows the possibility of making a circuit non- 
rcsonant, is provided by the circuit of Fig. 33. 
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The total impedance is given by— 


I 

Z 


1 


J 


^ i 


R -|- jojL 


+ uC , R - jwL 
1 ^ R» + I0*L* 


R* -f 


R 


+ 


R 


R* + 


R* -f 


+ j 


J_ 

ci)C 


ci)L 






R* + 


The condition for resonance is given by equating tlie “ j ” parts to zero. 

ii)C> uL 

i.e. 


R» + 


I “ R*> 1 
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or R2 f co»L* = q)*LC (r* + = lo'LCR* + ^ 


or u* (L* - LCR®) 
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“ “ C ^ L.K j. - LC ' L - CR* 

Hence if L = CR* or R = the resonant frequency may have any value 

between zero and inflnity ; in fact, the circuit is non-reBonant. 






Section " R." 


86-«7 


It may be shown, moreover, that the impedance of the above circuit when the resistances 
ijp of value given by R = ^ is independent of the frequency of the supply. 

The Total Impedance is given by :— 


] K -f- juL 


I " K f jwL 


V^l^K 


. . and wL - coC K* 


Henre i - L - I / J 

Z i ^ jwCR R i jcaCR* R ) jroCR* R\1 [- jcoCR/ R 


. . Z = R -= 


The Impedance at all frequencies is tlius equal to R, provided that tlie two resistances are 
each made of value equal to \/ ^ ■ 

W^en L and C represent the uniformly distributed inductance anti capacity of a line, their 
ratio will be unaffected if their values are referred to unit length. 

Actual values of L and C will depend on the type of feeder in ii.se. 


37. Types of Feeder Lines.—Essentially there are two varieties :— 

(a) The parallel wire or twin feeder, and 

(b) The concentric tube feeder. 


The TWIN FEEDER consists of two wires spaced as closely together as the voltage between 
them will allow, and mounted on poles in a plane parallel to the ground and 7 ft. or more above it. 
The spacers between the wires must be sufficiently close to maintain a constant wire distance, and 
the span between the poles must be short enough to prevent the system from swaying; if this 

is not done, the capacity between each wire and 



earth will vary, and cause the wave frequency and 
output to vary in the case of self-oscillatory circuits 
but the output only in the case of haaster controlled 
transmitters. Fig. 34 shows diagrammatically a twin 
feeder making connection between the transmitter and the 
aerial coupling circuit. An advantage of the twin wire 
feeder is that at any point along it the currents in the 
two wires are equal and opposite in sign, and, since the 
wires are close together, the radiation from the one is 


Fig. 34. 
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cancelled by that from the other. The production of a non-radiating feeder system is a matter 
of considerable importance in both transmitting and receiving aerial systems. Quite a small 
amount of radiation from the feeder is sufficient to spoil the directional properties of the aerial. 

It may be asked why the coupling coil is not directly earthed in order to save the lengtifei 
of wire between the coil and the aerial coupling circuit. If this were done, the single feeder 
wire would radiate energy like an aerial and very little would go into the aerial proper, A single 
feeder line with an earth return can only be used in the non-resonant state ; it is not easy to 
achieve the necessary impedance matching to effect this condition, and, in practice, twin feeder lines 
balanced to earth are to be preferred. 

Consider the case of a return circuit, or feeder line, consisting of two parallel wires of radius 
“ a each of length “ / " and spaced “ d ** apart, the currents in the two wires being opposite in 
sign. When air is the dit‘lectric and when the ratio djl is small it can be shown— 

d 

-- 4/log ... (where Lj — total inductance). 

. (,) 

where L = inductance per unit length). 

Using logs to ba.se 10, mics., and cnis., this becomes 


L ^ 9*21 X 10 logio ^ ■ ■ 

Similarly for capacity we can show— 

C - .9_L_ 

4 log- 

and using logs to base 10, fxl<"'s and cms., this becoine\s 


828 login 


Expressing (1) in E S.U's we have 


L — ( 4 log — ) h ~ i ' n 2 o 
^ ^ ' 9 X 10 ^ 


and in ohms this becomes 


C - 4 log ^ ^ 




^ « ' 3 X 10“ 


x / ^ -i AX ±\ 9 X '0" 

V r ~ ^ y iniB 


3 X 10“ 


and using logs to base 10, this becomes 


~ = 276 log„ 


(a well-known formula). 


in E.S.U's. 
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Foimula (3) gives values for the surge impedance between 400 and 800 ohms over a wide rang« 
of practical v^ues of the ratio dja. In general, it is convenient to use a transmission line of such 
dtoensions as to give a surge impedance of 600 ohms, although for special purposes some higher 
lower figure may be an advantage. 

It is important to note that formula (3) cannot be used to give the value of the surge impedance 
of twin rubber covered flexible wire, for in that case the dielectric is no longer air. The character¬ 
istic impedance of flexible wire of the type used for lighting is usually somewhere between 150 and 
200 ohms, the figure for somewhat heavier flexible wire being in the region of IQO ohms. 

At Horsea Island W/T Station the parallel wire feeder system consists of two wires 0-192 ins, 
in diameter, spaced 6 ins. apart, and carried at a height of 13 ft. from the ground by poles spaced 
approximately 70 ft. apart. It can be verified that this gives a value of surge impedance in the 
neighbourhood of 495 ohms. At the B.B.C. station at Droitwich, the feeder line from the transmitter 
working on 200 kc./s. is also of the parallel wire type. It is supported on poles 13 ft. high and has 
1 ^characteristic impedance of 560 ohms. 

Parallel wire feeders are simple to erect, but are inclined to suffer seriously from radiation 
unless the lines are very carefully terminated. At the higher frequencies this may often be a 
matter of some difficulty. Twin feeders also suffer from the fact that they arc exposed to the 
weather; certain of the feeder losses become variable ones, and the surge impedance may alter. 
It is usual to cross the feeders at regular intervals to reduce mutual action between sections. 

The CONCENTRIC TUBE FEEDER, in which one conductor completely encloses the other, 
represents an approach to the ideal from the point of view of electrical isolation. Moreover, the 
circular symmetry of the line makes it much more susceptible to exact mathematical analysis than 
can be the case with open wire lines. In practice the outer tube of the feeder is earthed at numerous 
points along its length; in receiving systems where it is specially important to avoid picking up 
static and other electrical disturbances, it might even be advantageous to bury the feeder in the 
ground. Concentric tube feeders are especially applicable to aerial systems working on a fixed 
frequency. Their prime cost is, however, much greater than that of a twin wire system, largely 
owing to the greater amount of copper that has to be used. Concentric tube lines may be made 
weather proof and the insulators inside the outer earthed tube are protected ; losses due to this 
cause arc likely to be smaller and more constant than with twin wire feeders. 

In the case of concentric tube lines, in which “ a is the outer radius of the inner conductor 
and “ 6 is the inner radius of the outer conductor, the expression for the inductance per unit 
length was first derived by Lord Rayleigh, assuming the two tubes to be of negligible thickness. 
It is given by— 

L=21og-^ . inE.M.U's. (4) 

The formula for the capacity per unit length of such a system is better known, and more 
easily proved. With air as dielectric, it is given by— 

C = - r- in E.S.U’s. (5) 

2 log - 

Expressing (4) in E.S.U's 

L = ' 21og—) 

C ^ ( 2 iog -) 9 X io» 

v/ L- =(21og 3 -^ . inE.S.U's. 
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and in ohms this becomes 




2 log - 


9 X 10“ .ni _ 6 
3 X 10^“ ~ a 


and using logs to base 10 this becomes 

Ve- = '38iog„ I . (6) 

(a well-known formula). 

Formula (6) usually gives values of the surge impedance in the neighbourhood of 70 ohms over 
a range of practical values of the ratio b/a. In one of the feeder systems of the Marconi Company, 
the outer earned tube is 3| ins. in diameter, and the inner live conductor is a tube ^ in. in diametff 
and insulated from the outer sheath by spider porcelain insulators at various intervals. The whole 
system is supported on stakes at a height of about 1 ft. from the ground. It has been calculated 
that to minimise copper losses there is an optimum ratio of diameters of about 4:1. The B.B.C. 
have installed concentric feeders at the Daventry station for use in connection with the Empire 
Beam Service, and more recently at Lisburn in connection with the North Ireland Regional Station. 

Co-axial cable is a comparatively new commercial product which has been developed in con¬ 
nection with television. The central conductor is separated from the outer co-axial one by means 
of an air dielectric, and in one specification the cable is shown to possess a characteristic impedance 
of about 67 ohms, a capacity of 0-095 microfarads per mile, and an inductance of 0-415 millihenries 
per mile. In that case, the central conductor is held in position by kinking the wire successively 
twice in planes at right angles, the sets of kinks being equally spaced throughout the length of the 
cable. It appears possible that this type of cable may find an increasing number of uses ; it could 
be used very conveniently as a transmission line joining a high frequency aerial system to its i 
receiver. It is usually called ‘‘ co-axial'' cable to distinguish it from concentric cable, which 
has long been in use in low frequency A.C. engineering. 

The relative superiority of a concentric feeder line is very marked in the case of reception. 


38. Matched Systems. —With reference to paragraph 35, it is now possible to consider the 
design of complete systems to achieve the necessary impedance matching between the unit delivering 
power at one end of the line, and the power absorbing resistance (the aerial) at the other end. It is 
stressed that the object of insistence on this impedance matching is the necessity for the efficient 
transference of energy between the transmitter and the aerial. Mechanically, the process is 
analogous to the propulsion of a vehicle along a road ; with reference to the power of the engine, ii 
is necessary to choose the gear appropriate to the gradient, i.e., the rate at which work has to be 
done. 

Impedance matcliing between aerial and transmitter may be achieved by using— 

(а) untuned feeder lines ; this implies terminating each end of the line by its surge 

impedance, or 

(б) tuned feeder lines ; in this case standing waves will be present on them and they are 

usually known as Lecher wires (Lecher—a German scientist who produced standing 
waves in wires in 1890). 

At H/F it will be more efficient to employ untuned feeders, although for short distances tuned 
feeders may be permissible. Even at L/F, when the transmitter and aerial are relatively adjacent, 
it is sometimes desirable to use an untuned transmission line ; this is the case at the B.B.C. station 
at Droitwich, where a transmission line of length 0 - 15X is in use, in connection with the transmitter 
working on 200 kc./s. 
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It is proposed to consider a number ot simple matched systems :— 

. (i) X/4 AND X/2 AERIALS WITH UNTUNED FEEDERS.—Taking the case of a line 

^)th a suj-ge impedance of 600 ohms, the aerial must present to the line a resistance of the 
same value. In general, this value is not obtainable by direct connection to the aerial. It was 
seen in paragraph 11 that a quarter wave aerial has a radiation resistance of the order of 40 ohms, 
and at its current anti-node it behaves as an impedance of about that value. It was also shown 
that a half wave aerial has a radiation resistance of about 80 ohms, and at its current anti-node it 
also behaves as an impedance of about that value ; at its current node it behaves as an impedance 
of much higher value, intermediate values being observed on intermediate points. In either case 
the line impedance is of a totally different order. 

It may occasionally be possible to terminate a transmission line with the aerial itself; for 
example, a concentric feeder, or other line with surge impedance of about 80 ohms, could probably 
t Kt satisfactorily terminated by the middle of a half wave aeriiJ, without the help of any matching 
devices. Among amateur transmitters using low power, it is quite common practice to feed the 
centre of a half wave aerial by means of twisted flexible wire of the ordinary variety used for lighting ; 
quite good matching is obtained in this way. 

The linking up of a power unit to a transmission line may be done in several ways, and can be 
done by means of a transformer coupling. From simple transformer theory it can be appreciated 
that a 600 ohm line may be linked to a 5,400 olim impedance, such as that often found in loud¬ 
speaker networks, by means of an iron cored step-up transformer having a ratio of 3 : 1. The 
calculation for T, the transformer ratio, may be set out as follows— 


^0 

■ q'2‘ 


600. 


The provision of high impedance matching lines is inexpedient, on account of their very excessive 
Spacing. 

Fig. 35 represents diagrammatically a matched system, in which approximate matching is 
obtained at each end of the feeder line. The air-cored step-down transformer at the aerial end makes 

the feeder line present an impedance of roughly 
40 ohms to the aerial circuit. At the trans¬ 
mitter end, the step-up transformer presents 
the requisite matching load to the tank circuit* 
Fig. 36 presents another circuit achieving 
the same result, by using auto-transformer 
couplings. For simplicity it may be assumed 
that Figs. 35 and 36 represent a C.W. trans¬ 
mitter working on a fixed frequency. 
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Fig. 35. 



(ii) THE TRANSDUCER (TRANS¬ 
MISSION LINE IMPEDANCE REDUCER). 
—The problem of matching a telephony aerial 
is a peculiar one, in view of the fact that its 
impedance varies over the side band frequency 
range. The ideal telephony aerial for broad¬ 
cast purposes would be one in which the 
resistance or reactance did not change appreci¬ 
ably over the range of frequencies represented 
by the carrier frequency ± about B kc./s* 
Although it might be possible to design such an 
aerial, it was not found to be sound policy 
to do 50 in the case of the B.B.C. station at 
Droitwich. In order to produce an aerial 
system with a reasonably flat frequency 

» 2 


Fig. 36. 
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response curve over the range of the side band spectrum, it was necessary to proportion the 
aerial constants so that the ratio reactance/resistance should not be too big. A suitable 
value was obtained by using relatively high masts to give a high value of the radiation resistance 
Serious attenuation of the side band frequencies, corresponding to the higher modulating frequenciK, 
would have resulted if the aerial had been coupled directly to the output circuits of the transmitter. 
It Was in order to eliminate this difficulty that a relatively complicated impedance matching system 
was designed, which has since become commonly known as a “ transducer.” Fig. 37 represents 
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Fig. 37. 


a very much simplified schematic diagram of the transducer, and it should be remembeied that thu 
various parts of the network have functions other than mere impedance matching. Their functions 
may be simply stated as follows :— 

Z 4 .(a) Presents the requisite impedance (t.e., 680 ohms) to the tank circuit of the transmitted 

on the carrier frequency, the impedance-frequency characteristic being symmetrical 
for B kc./s. on either side of 200 kc./s., the carrier frequency. 

( 6 ) Converts 600 ohms to 25 ohms. 

Zs. {a) A reactance compensating network that makes it possible to match up to a distortion¬ 

less transmission line {i.e., one in which the transfer parameter is independent of 
the frequency). 

( 6 ) Converts 25 ohms to 560 ohms, the surge impedance of the transmission line. 

(c) A low pass filter to assist in R/F harmonic suppression. 

Zg.(a) Converts 560 ohms to 25 ohms. 

(&) A reactance compensating network that allows for the change in reactance of the 
aerial over the transmitted frequency band, and so prevents attenuation of the 
side band frequencies corresponding to the higher modulating frequencies. 

Zj.(a) Converts 25 olims to 20-4 ohms, which is the aerial resistance at its natural frequency 

of 200 kc./s. 

(iii) THE CENTI^ FED X/2 AERIAL, WITH AN UNTUNED FEEDER: STUB 
MATCHING.—H/F aerials are often of the X/2 type, and quite frequently it is desirable to arrange 
that the radiating portion shall be horizontal. To avpid radiation from the vertical leads to 
the centre, it is important to have a carefully designed feeder system. Fig. 38 represents 
a spaced wire yeciical feeder line, supplying energy to a horizontal dipole aerial. At the 
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top, the feeder line is tapped into the aerial so that the 
aerial impedance at the tapping point is that required for 
matching the feeder. At the lower end, the matching of 
the feeder to the tank circuit is accomplished by adjusting 
the taps on the inductance. These two taps should be 
moved together up and down the coil in order to equalise 
the currents in the two feeder wires. 

The principle of matching a dipole aerial to a trans¬ 
mission line by moving the tapping points A and B is an 
important one, and its application may be seen in other 
forms. In one fonn, the X/2 dipole is split in the middle 
and a portion of each part—the stub end—is folded back 
in a plane at right angles, so as to form a part of the 
transmission line. The folded back portions will still 
carry standing waves, but their radiating effect will be 
mutually cancelled ; so far as impedance is concerned they 
behave as does the aerial itself. There are, therefore, 


^ along these wires points of high and points of low imped- 

ancu, and it is only necessary to connect up (say) a 
transmission line of 600 ohms to points on the aerial 
continuation elements at which the imiK?daiice is also 
6 (X) olims ; these elements may be connected togethei at their ends, oi they may be left open, the 
matching points being diffcrentl)’ situated in the two cases. This method of terminating an aerial 
is called “ stub matching." 


(iv) THE HORIZONTAL X/2 ‘‘ ZEPPELIN" AERIAL, WITH TUNED FEEDER.— 
(Another method of feeding energy to a horizontal X/2 aerial is shown diagraminatically in Fig. 39. 
In this case a tuned feeder is used, but if the currents in each of the vertical leads is adjusted to 
equality, the radiation from them should be practically nil. The radiating portion AB may be 

any number of half-waves in length, and the length 

_of the feeder lines should be adjusted to be an odd 

number of quarter wavelengths, if the whole circuit 
^ is tuned as an acceptor circuit—as shown in Fig. 39. 

/ ^ If it is desired to use parallel tuning, as in F'ig. 40 {b), 

f the length of the feeder lines should be an even 

/ ^ \ number of quailcr waves in length. 

* 1 This type of radiator is usually known as a 

^ “ Zeppelin" aerial, and is very popular among 

! amateur transmitters. 


(v) THE HORIZONTAL CENTRE FED X/2 
AERIAL, WITH A TUNED FEEDER.-^Figs. 40 {a) 

I _ and (6) represent a split X/2 aerial being energised 

j in two different ways. The feeders are tuned, but 

^ ^ _ the radiation from the vertical leads is mutually 

^ ^ Vr I cancelled. 

JlJJJJjtjjjjpJ shows the voltage and current dis¬ 

tribution when the horizontal radiating portion is a 
PiQ 39 half wave in length. The figure shows that the 

circuit is tuned as an acceptor circuit, since there is 
a voltage node at the two condensers. In this case, 
therefore, the length of the feeder lines must be adjusted to be an even number of quarter waves 
in length. 




Fig. 39. 
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Fig. 40 (6) shows the state of affairs when the top portion is a whole wave in length, the aerial 
system in this case being arranged to tune as a rejector circuit. The length of the feeder lines must 
therefore be adjusted to be an even number of quarter waves in length, in order to produce a voltage 
anti-node across the condenser. 



(a) (fc) 


Fig. 40. 


(vi) THE UNTUNED FEEDER AND QUARTER WAVE MATCHING LINE.—When 
tuned transmission lines have perfectly distributed constants, the impedance will be the same at 
successive current anti-nodes and the state of affairs will be that represented in Fig. 32. If the 
line is a half wave in length, the impedance at each end will be the same, and we may write— 

Z.=-Z. . (1) 

(where Z, and are the sending and receiving end impedances). 

Equation (1) means that a line one half wave in length behaves as a 1 : 1 transformer. The ratio 

between the impedance at each end of a line a quarter wave in length depends upon V -^.and 
from transmission line theoiy beyond the scope of this book, we have the relation 

Z. Z, - Z.* . (2) 


(where 


This relation is obviously true in the special case when no reflection occurs and 

z. = z, = z.= y'l 

Equation (2) means that the tuning properties of a line one quarter wave in length, enable it to be 
used as a step-up or step-down transformer, the ratio for a given case depending on the surge 
impedance. This has led to the development of quarter wave matching lines/' these lines being 





Section ' R " 


so constructed as to have a characteristic impedance equal to the square root of the product of the 
impedances to be linked. Thus, if a 600 ohm transmission line is to be linked up to a 3340 ohm aerial, 
.y? matching line would have a characteristic impedance of \/ 3340 x 600 ~ 1414 ohms. A X/4 
intpedance matching section may occur at the end of a feeder line, and may consist of an open feeder 
the spacing of which can be varied. Fig. 41 represents the use of this system with a centre- 
fed dipole aerial, with standing waves as indicated. The process of matching the impedance 
consists in varying the spacing until there is no reflection in the transmission line. 

Reflection in transmission lines may be defected by inserting three or more R/F ammeters at 
points about X/6 apart ; if the currents indicated at such points are equal, it may be concluded 
that standing waves are not present, and that the line is tciminated with a load equal to its surge 
impedance. This is peifectly general method, which is applicable to any transmission line. 



(vii) THE QUADRUPOLE.—^Any two dipoles connected in parallel across a feeder line may 
be said to constitute a “ quadrupole,'" and Fig. 42 (a) shows one consisting of two crossed dipoles. 
If each dipole presents an impedance R to the transmission line, the two in parallel wiD present 
an effective impedance of R/2, as shown in Fig. 42 (6), and the transmission line must be designed 
accordingly. Fig. 42 (c) represents a horizontal quadrupole suspended from triatics; the system 
is supplied by a vertical feeder which is terminated and energised at its lower end by means of a 
'^ish-pull circuit. If the horizontal radiating portions are each a half wave in length, it is possible 
vhat the impedance of each separately might be of the order of 2,000 ohms, so that jointly they would 
present an impedance of about 1,000 ohms to the vertical feeder line. If the dipoles each have the 
same physical dimensions, it is clear that the arrangement would be suitable for use at one frequency 
only. If, however, each dipole has a different natural frequency, it has been stated that the arrange¬ 
ment will give reasonably flat tuning over a band of frequencies, the centre of which lies roughly 
midway between the two fundamental frequencies. 
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39. Polar Diagrams.—In paragraph 12, it was observed that, from the point of view of 
communication range, the radiation efl6ciency provided no criterion of performance; each aerial 
is designed for its special function, and the distribution of the radiated power is more important than 
its total numerical value. In the special case of M/F broadcast work the chief requirement is that^ 
equal power shall be radiated in all directions in the horizontal plane ; any energy which is radiated 
in upward directions not only produces inefficiency but is also responsible for the fading which 
occurs at the limits of the service area, due to the inter-action of the direct and indirectly radiated 
waves. For broadcasting services, where communication with aircraft is not desired, and where the 
object is to “ heat the wires of the receiving station and not the universe '' (Stuart Ballantine), it is 
better to consider the power efficiency to produce a given field strength on the ground 
rather than the radiation efficiency ; in the extreme case, the radiation efficiency might be high but 
all of the energy might be radiated vertically. 

The B.B.C. high-frequency Empire Beam services depend for their action upon reflection from 
the ionosphere, and provide another special case in which it has been shown that correct directivity 
in the vertical plane is at least as important as that in the horizontal plane. This implies that the 
radiation from the aerial can be directed in the same way as the path of a projectile from a gun. 

In three dimensional space, the behaviour of any aerial or aerial system may be expressed by 
polar diagrams. These diagrams may be horizontal or vertical ones, and represent the relative 
values of either held strength or power radiated at various angles in the horizontal or vertical planes, 
the pK)le being taken at the foot of the aerial or the centre of the aerial system. In many simple 
cases polar equations can be calculated from which the curves can be plotted; the mathematical 
analysis is troublesome and will not be given here. The length of the line from pole to curve at any 
angle is a measure of the relative held strength at that angle. 

40. Polar Diagrams for Vertical Aerials.—The work of paragraph 6 referred to a simp^ 
radiator in a free space in which the current was uniform along its length. In that case, the field 
Strength was shown to vary as the cosine of the angle of elevation of the ray from the horizontal, 
giving a vertical polar diagram having the form of a figure-of-eight. In the case of an earthed 
aerial, the length of which is short in comparison with a quarter wavelength, the form of the vertical 
polar diagram is approximately semi-circular (a cosine diagram), if one assumes that the earth is 
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a perfect conductor. As the length of the aerial becomes commensurate in value with the wave¬ 
length in use, the current variations along it become more pronounced, phase differences appear, 
and interference effects between components of the radiation from various parts of the aeriaJ ma^^^ 
produce rei/nforcemeni of the radiation in certain directions and cancellation in others. 

Fig. 43 (a) represents an earthed aerial of length slightly greater than a quarter wave. At 
some distant point P, energy may arrive via the direct path AP, or by the indirect path ARP. 
Provided that the energy arriving at P via each path is similarly polarised, cancellation will occur 
when the difference in path length is equal to an odd number of half wavelengths, for in that case 
waves will arrive 180° out of phase with each other. Using the conception of “ electrical images ” 
it has been shown that an effect at P may be assessed by adding together the radiation due to the 
direct ray with that due to the image of the aerial in the earth. 

The earth acts as an imperfect mirror to an electro-magnctic wave striking it. Provided thu 
reflecting area is damp soil or the sea, over 80 per cent, of the energy in the wave will be reflecteck 
If it is dry sand or heavily wooded, the percentage will be much less. The hilliness of the ground 
will also affect the results, the earth being a much better reflector for frequencies corresponding to 
long waves than those corresponding to short ones. At H/F a high hill becomes comparable in 
size with the wavelength in use, and produces a relatively greater effect. The angle of incidence is 
equal to the angle of reflection, and for some practical purposes we can consider the reflected wave 
as being in phase with the incident wave. 

In the basic theory of reflection of waves that are electro-magnetic in character, it has been 
proved that there is a certain critical angle of incidence for vertically polarised waves, after which 
a change of phase of 180° occurs in the reflected wave. This critical angle is usually known as 
Brewster's angle (Sir David Brewster, 1811) ; it varies with the wave frequency and the earth 
constants. Measured in the way shown in Fig. 43, it becomes greater as the frequency increases 
and the earth becomes a less perfect conductor. Brewster’s angle is also sometimes known as the 
** angle of polarisation. ’ ’ This has reference to the fact that if non-polarised electromagnetic waves ^ 
—such as ordinary light waves—are incident on a reflecting medium at this critical angle, only the 
horizontally polarised components are reflected. 

For aerials where the vertical height is small in comparison with a quarter wavelength, there 
is not sufiicient difference in phase between the current in the real aerial and its image to cause 
appreciable cancellation of radiation in upward directions. The polar diagram is approximately 
semi-circular, as shown in Fig. 43 (6). When the height of the aerial is increased to a half wavelength, 
it is clear that the point of maximum current in the real aerial is distant by a half wavelength from 
the similar point in the image aerial; in this case it becomes possible for the direct and reflected 
rays at some distant and elevated point P to have a difference in path length of an odd number of 
half wavelengths. Considerable cancellation of high angle radiation may therefore take place, and for 
the same aerial input power the relative form of the vertical polar diagiam is shown in Fig. 43 {d). 

It will be noted that it is very much flattened out, representing a concentration of the radiated 
energy in more horizontal directions. 

If the height of a vertical aerial is made greater than a half wavelength, the diagram is still 
further flattened but a secondary lobe of radiation appears at an angle of about 60° from the 
horizontal—^Fig. 43 (/). It has been shown theoretically that for a maximum power efficiency to 
produce a given field strength on the ground, the best height of the aerial should be 0 ■ 625X. In 
practice, a height of the order of 0*58X is used, and this is the principle of design of the new “ anti- 
fadinft ** aerials for use in M/F broadcast work. These diagrams are calculated on the assumption 
that the earth has perfect conductivity. This is an assumption which at high frequencies produces 
' results which are very wide of the mark. In aU cases in Fig. 43 the full line curves show the variation"* 
in field strength at different vertical angles assuming a perfectly conducting earth. The dotted ^ 
curves attribute negligible conductivity to the earth's surface ; they were developed anal 5 rtically 
in 1927 by T. L. Eckersley. They are difficult to calculate and the earth s constants ” are very 
variable. The more nearly perfect the conductivity of the earth becomes, the more nearly the 
dotted curve approaches the full line curve. Fig. 43 (b) explains, incidentally, the weU known effect 
that high frequency reception improves considerably as the receiver is taken up a hill having a 
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downward slope towards the transmitter. In practice the effect of an imperfectly reflecting earth 
also means that there is no angle of zero radiation, but merely a minimiun. 

jt Taking an average value for the earth's constants, at H/F the polarising angle is of the order of 
Eckersley showed that for angles above this, the polar diagram is that which is appropriate 
to a perfectly conducting earth, namely, the full line curves of Fig. 43, and for angles below this it 
is that which is appropriate to an earth of negligible conductivity—the dotted curves of Fig. 43. 

The vertical polar diagrams for a vertical half wavelength aerial whose centre is at various 
heights above the earth's surface are shown in Fig. 43 (c) and (e). It will be seen that the effect 
of raising the aerial is to concentrate the radiated energy into “ beams ’’at definite angles, and that 
these beams increase in number and become narrower as the height of the aerial above the ground is 
increased. The dotted curves represent the results which are usually obtained in practice due to an 
imperfectly conducting earth. 

X, Vertical polar diagrams for certain other special cases arc sketched in Fig. 43 (g), (A) and (/), 
In 1922, experiments were made with a lung vertical aerial, tlu* height of which was equal to the 
wavelength in use. Fig. 43 (h) shows the vortical polar diagram in that case. Maximum energy 
is radiated at an angle of about 35° to the horizontal. It will be noted that there is no horizontal 
radiation \ evidently this must be so since the oscillations in AB and CD are in phase opposition 
and, therefore, produce equal and oppo.site effects at a distant point in a horizontal plane through A, 
This will remain the case even if the aerial height i.s made equal to several wavelengths, provided 
that the current distribution is a pure sine wave throughout the aerial. In practice, the bottom 
half wave is greater than the top one, and there will be some ground radiation. 

Considering the case of Fig. 43 (g), the current in the half wave section B is in anti-phase to 
that in the two other half wavelengths ; the resultant effect of such an aerial is to produce a beam 
at some angle to the horizontal. The form of the vertical diagram may be materially altered by 
arranging to suppress the anti-phase radiation from the section B. An aerial of this nature was 
^developed by the Marconi Company in which alternate half waves were suppressed by inserting 
a coil at the current anti-nodes, the natural frequency of the coil being equal to that of the aerial. 
It is usually known as the Franklin aerial, and is shown diagrammatically in Fig. 43 {k) and (/); 
the coils are called “ phasing coils ” and have distributed capacity and inductance, but since they 
have practically no capacity to earth, they do not produce a radiation field. The radiating sections 
of the aerial now all radiate in phase, and Fig. 43 (1) shows that the main effect is to produce a 
concentration of energy in a beam at a lower angle than in three half wavelength aerials in which no 
suppression is employed. For high frequency long distance communication the burden of experi¬ 
mental evidence seems to be in favour of such low angle radiation. 

A further development of phasing in aerials is to arrange the aerial wiie it.self according to such 
ja pattern that the desired directions of maximum radiation are obtained without the use of phasing 
coils. 

The radiation from any of the vertical aerials mentioned above is approximately symmetrical 
in any horizontal plane ; in three dimensional space this is represented by a solid figure of revolution 
having a cross section which is shown in the various cases in F'ig. 43. This means that the vertical 
polar diagrams hold for any horizontal plane. This ceases to be the case when horizontal aerials 
are used, the radiation then becoming directional in the horizontal as well as in the vertical plane. 
In each of the above cases, however, the horizontal polar diagram is a circle. For directional 
horizontal radiation, aerial arrays are generally used. 


41. Polar Diagrams for Horizontal Aerials.—These were investigated by Levy in 1924, 
knd the connections to various horizontal aerials were described in paragraph 38. 


A most interesting case is that in which a half wavelength dipole is placed at a height of a 
quarter wavelength above the earth. The aerial and its image in the earth are in phase opposition, 
but since they are distant from each other by a half wavelength, the fields of the space waves will 
reinforce each other in the direction of the zenith and will cancel each other in the horizontal direction 
In oblique directions, the path differences of the different rays from a point on the aerial and its 
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image grows less and there is a gradual diminution of the held to a zero value in the horizontal 
direction. This is shown in Fig. 44 (a). Since the radiation is horizontally polarised, there is no 
critical angle at which the polar diagram changes, as it did in the cases represented in Fig. 43. ^ 

Fig. 44 (6), (c), and (i) illustrate the changes which take place in the vertical polar diagram as 
the height of the horizontal doublet is increased. 

Comparing the horizontal half wave doublet with a vertical one, it will be noted that in both 
cases the relative amount of horizontal radiation is increased by raising the aerial to a height. For 
high angle radiation a horizontal doublet with its centre a quarter wavelength above the earth is 

E robably as good as any other aerial. - Experimental work carried out in France and America on 
orizontal aerials tends to indicate that they possess very little advantage over vertical aerials 
working under the same conditions. With equal inputs, the strengths of the signals received are 
often about equal. There is, however, some evidence indicating that a degree of freedom from 
certain types of fading may be experienced if horizontal aerials are used. Moreover, in the case 



reception, it is generally found that a horizontal aerial gives a better value of the ratio signal/noise 
than a vertical one, usually because the interfering " man-made static noises from electrical 
apparatus consist of highly damped high frequency waves which are vertically polarised in many 
cases. 

The horizontal aerial, in common with a vertical aeiral, gives no radiation in the end-on direction 
in line with the aerial wire [cf. paragraph 8]; it will, however, give good reception “ end-on " at 
distances greater than the slup. Moreover, since the horizontal dipole radiates its ground waver 
horizontally polarised, it follows that a vertical receiving aerial at a short distance from it will not^ 
give good reception. For Naval communication work it is usuaUy most desirable that the ground 
wave should be received at as great a distance as possible, in order that the width of the first dead 
apace may be reduced to a minimum; for this reason, vertical dipole aerials are generally preferred. 
From the point of view of the reception of signals beyond the range of the ground ray, there is 
little to clioosc between vertical or horizontal dipoles. 
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42. Polar Diagrams for Flat Topped Aerials. —^ITiese are usually of the inverted ** L ” or 
Ttype, and are normally used on low frequencies where their length is small in comparison 

. 'Uh a quarter wavelength. The radiation from the flat top is horizontaUy polarised, and that from 
tft vertical part is vertically polarised. The effect of this is that these aerials radiate a vertically 
polarised wave in the end-on ” direction and a combined horizontally and vertically polarised 
wave in the “ broad-side on direction. The latter effect simply tilts the angle of the plane of polar¬ 
isation. For example, if the vertical and horizontal part of the aerial are each one wavelength lon^, 
the electric component of the broad-side radiated wave will be oscillating at an angle of approxi¬ 
mately 45° to the horizontal. It is interesting to note that if two dipole aerials at the same height are 
used, one vertical and the otlier horizontal, and the oscillations in the one lag a quarter cycle behind 
those in the other, then the broad-side radiated wave will be circularly polarised. 

The horizontal polar diagram for the “ T'' shaped aerial i.s approximately circular so far as 

vertically polarised radiation is concerned. That of the “ L ” shaped aerial is slightly directional 
in^the direction of the horizontal part forming the roof; it tr.ur mits and receives most strongly in 
the direction tip-to-uplead. 

43. Multiple Aerials, Aerial Arrays.—Instead of using only one radiating somcc, it is 
possible to use various combinations ol wSuitably spaced aerials, aJl connected to the siime source (or 
receiver). At H/F where both the length of the aerials and the ir spaciiigs may be made commensur¬ 
ate with llie wavelength that is used, it is found that eacli combination has its own distinctive 
directional properties; it should, liow'cver, be observed that tlie same directional properties could 
be obtained using low frequencies, and only their high engineering cost, due to high masts and large 
ground areas, have prevented their appearance in engineering practice. At H/F very many 
combinations have been investigated experimentally, and almost all of them may be said to be an 
assembly of half wavelength or multiple half wavelength aerials ; in the case of a transmitter, the 
currents in each unit are pha.sed so that, in conjunction with the spacing between them, a relative 
Increase of field stieiigtli is produced in some desired direction. The individual components of the 
combination, usually called an “ aerial array," may, of course, be disposed at any angle although 
in many cases they are either vertical or horizontal. 

For the purpose of a simple classification, an array of aerials along a horizontal line which 
exhibits marked directi(»nal properties in the horizontal plane in a direction at right angles to the 
line of the array, is u.sually called a ‘‘ BROAD SIDE ARRAY." One that has horizontal directivity 
along the line of an array is called an end-on or “ END-FIRE " array. 

For communication wrjrk, arrays are designed as much for their vertical directivity as for that 
in the horizontal plane ; the latter often depend.s on the tutiil width of the array, usually called 
|the “ aperture,” while the former is controlled by stacking the aeiiaJs in tiers, one vertically above 
the other. 

It is proposed to consider briefly the principles and properties of a few of the aerial arrays in 
practical use. 

44. Principle of Spaced Vertical Aerials.—In Fig. 45 [a), A and B represent two trans¬ 
mitting aerials at a distance apart which can be varied. Suppose that both aerials are transmitting 
at the same time on the same frequency ; the effect they produce at any distant point C will be the 
sum of the effects due to the separate aerials. 

If the alternating currents in the aerials are in the same phase and the aerials are a half wave- 
';^Tigth apart, it is clear that at a point such as D on the line through AB, the wave from A will at 
ivery instant be cancelled by the wave from B, because the distance DA differs by a half wavelength 
from the distance DB. At any points, such as P or on the line at right angles to AB and tlupDim^ 
a point O midway between them, the separate waves from A and B will reinforce each other. 
a maximum of radiation takes place along POPj and no radiation takes place along OD, or in iiher 
direction opposite to it; the arrangement constitutes a simple broad-Bide array. At any.point C 
the radiation will be the resultant of a component from A and a component from B, the phases of 
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the components depending on the difference of time taken by a wave to travel from A to C and 
from B to C. The horizontal polar diagram of the array can be shown to be a figure-of-eight, as 
represented in Fig. 45 (6). ^ 

If the current in aerial B lags 90° on that in A, and if the spacing between them is a quarter 
wavelength, an entirely different result is produced. The aerial A radiates a wave 90° (or a quarter 
wavelength) in advance of that radiated from B. Since the separation between A and B is also a 
quarter wavelength, it follows that by the time the wave from A has reached B, it will be in phase 
with the wave being radiated therefrom, and will augment the radiation in the direction OD. In 
the opposite direction ODj, since the radiation from B starts with a lag of 90° on that from A, the 
effect of the spacing is that on arrival at A the two radiations are in anti-phase and, accordingly, 
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cancel each other. This process is represented in Fig. 45 (rf), and it can be shown that the hori¬ 
zontal polar diagram of the arrangement is a cardioid, as shown in Fig. 45 (e). The arrangement 
is dearly directional along the line of the aerials and is a simple end-fire array. The combination 
also explains the basic theory of the action of reflector aerials, a matter which is referred to more 
fully in paragraph 49. ^ 

These are the simplest examples of the use of two transmitting aerials to produce a directional 
diagram which may be used equally well for transmission or reception. In order to concentrate 
a l^ger percentage of the total energy in one direction than is possible with two aerials, it is necessary 
to employ a number of radiating aerials spaced over a distance of several wavelengths. Fig. 45 (r) 
and (/) are d^a^vn for the same two cases using sixteen aenals instead of two. 
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From these examples it is clear that the currents in the aerials must be maintained in a definite 
phase relation to each other, though not necessarily all in the same phase. Many different arrange- 
^nts of aerials have been used to give these directional effects. Theoretically, they all depend 
u^n summing up the separate effects due to each element of current in the array, having due 
regard to its phase and distance from the point under consideration. It may also be necessary 
to take into consideration the effect of the conductivity of the sea or earth immediately under 
the aerials ; it often modifies the radiation appreciably. 

Formulae for Horizontal Polar Diagramo of Aerial Arrays. —Fig. 46 [a) represents a plan oi 
I' N " aerials spaced " s " apart. If the aerials arc all radiating in phase and all of the aiTial currents are equal, 
it is clear that there will be reinforcements in the directions PPj at right angles to the line of the array, at points 
where the distance away is large in comparison with the width of the array. 



Fig. 46. 


If the held produced by one aerial alone is the maxiiniiin held in direction PPj will be given by NX^. 


At similar distant points in the UUj directions, at angle a to the line of the array, considering two successive 
1 aerials A and B, the radiation from B has to travel a further distance s cos % and accordingly arrives lagging in 
phase ; the geometrical relations are seen in (a) above. The value of the phase angle " 0 *’ will be a fraction of 
2tz radians and is given by 


<!>- 


S cos (Z 


A 2n 


2Tts cos a. 


(>) 


This is the constant phase angle between the radiation from any two consecutive aerials in a given direction RRj. 
If the aerial currents are all equal, the aerial A produces a field at a distant point .sensibly the same in amplitude 
as that produced by B, but since in general it differs by a phase angle, it follows that the effects can only be 
added up by the methods of vector addition. For two aerials the graphical representation of this is, in general, 
a triangle, the closing side representing the resultant; for N aerials, in general, the figure is a polygon, the closing 
side again being the resultant. Fig. 46 (6) shows how to obtain the vector sum given by 

X = X, -f X, + X, -1 . .. . Xn 
an arbitrary direction being chosen for the first vector X^. 

Xj represents the amplitude of the field due to aerial A 

X, represents the amplitude of the field due to aerial B, 
etc., 

X, the total field in direction is the closing side " ak " of the polygon. 
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Now, IF THE PHASE ANGLE BETWEEN THE RADIATION FROM ANY TWO CONSECUTIVE 
AERIALS IS SMALL, a circular arc may almost be drawn through the ends of the vectors. The vector ab 
is the chord of a circle and subtends an angle 0 at the centre point O ; it is also the angle between the tangent;) 
at a and b. When the phase angle ^ is small, the tangent at h almost coincides in direction with the chord 
and the angle between the tangents becomes almost equal to the phase angle, that is 

Angle aoA = N % N^, 

where r = xadius of the circle, 
and 

where ak represents the total field X ” in direction K, and 
ah represents the field Xj produced by one aerial only. 

The maximum value of the field is in direction P and is given by X^, NX^. 

Now Xw must be greater than X, since arc " ak " must exceed the chord " ak.“ 


0 == ^ 


E • . . NO . « . 

ak ^ 2y sin -~ = 2r sin - 7 ^ = X, 

iS ” ^ 


ab = 2r sin - ^ 2r sin ^ = X^, 


We have 


X 

X« 


N^ 

2r sin ~ 


2 Nr sin - 7 — 

Ji 


sm 


N sin 


Usually written 


X = X^ 




N sin —- 


( 2 ) 


It is usual to take the value of X^ to be unity, since in plotting polar curves it is, most often, the values'*^ 
relative to the maximum value which arc of interest. The polar tadius is then given by— 


X - 


N0 


N sin 


2 


(3) 


and from ( 1 ) 


X 


^Nttj cos 


N sin 


/ns cos (x\ 

( r""j 


(4) 


In strict analysis, when ^ is large, the vectors cannot be said to lie along the arc of a circle, and the reasoning 
imi'.h be difTrrnnt. In spite of various approximations which have been made, equation (3) represerts a result 
which is valid lor all values of and it may be adapted to include cases where the aerial currents are out of 
phase. If the total width of the aerial array is a whole number of wavelengths, the field at a distant point due to 
hall of the aerials will exactly cancel that due to the other half, and the radiation along the line of the aerials 
will be zero. 

The positions of the minima, or extinction directions, may be calculated by equating the numerator of ( 2 ) 
to zero, n, 2 n, etc. The positions of the maxima can be found by applying the methods of the diEerential calculus 
to equation ( 2 ). 

The use of the general formula No, 4 will now be made clear by reference to certain special cases. 


Case 1 . 

From (3) we have 


N = 1, 



The polar diagram is a circle and Xm » X|. 
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Case 2. 


From (3) 


since from (1). ^ n cos s. 

MINIMUM values 


N = 2, 5 = cuxreats in phase. 

„ sin ^ A /ttCOScN 

X =-— = cos "2 =009 V— 2 —' 

2 sin f 


TZ COS Z i 7^ 

cos a = i 1, a = 0“, 180“ 


MAXIMUM values 


cos a = 0, a =. 90% 270^ 


This produces the ligure-of-eighL dia^iain of Fig. 45 [b) where X,m 2Xj. 


N — 2. i - currents out of pliase. 


From (1) 


71 cos a TT 

“ 2“ ’■ 2' 


the current in aerial H leading that in A. 


From (3) 


X = cos - 


A /77 cos a k\ 

2 ^ 4^’ 


MINIMUM values 


7r COS DC 7t TT 

4 4 ^ 2 

cos a « - 1, a =*-• 180“ 


MAXIMUM values 


7t COS a. rc 


i.e., cos tt - 1, a =* 0“. 

This produces the cardioid diagram of Fig. 45 [e], where Xm = 2X,. 


^CdsB 4. 


From (3) 


siuce irooi (1)« ^ 7 ? cos a. 

MINIMUM values 


N — 4, s — currents in phase. 

sin 2A A 

X =- - == cos A cos ^ 

0 Je 

4 bui - 

, - /TT COS a\ 

= cos (Tt CoS i) cos ^^— y 


n cos a = -5- 


also for 


cos a == i f a = 60% 120% 240% 300‘ 


cos z -= i 1, « * 0% 180“ 




IS 
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Differentiating (5) and equating to zero in the usual way shows that the first subsidiary maximum occurs 
when GC ^ 42*^, and that the principal maximum is at right angles to the lines of the array. Fig. 47 [a) shows 
the form of the polar diagram, where Xm = 4Xi for the case where oc = 090°, 270°. 



C^) (^) 


Fig. 47, 


Case 5. 


From (3) 



— cos 

MINIMUM values 

also for 

i.r, 

MAXIMUM values 
i,f. 


/7l COS (X TZ\ 

cos 1 

(ti cos b 

-\ 

(4 ~ 4' 


^ 2 

2 ) 

TC cos IX 




4 

4 "" 

^ 2 


cos * = — 

1,« 

= 180°. 


TT cos a 


7T 


2 “ 

*2 “ 

^ 2 


1 Ob at = 0, B 

= 90 

°, 270° 


TU cos B 

TZ 

= 0. 


2 

2 



cos s = 1. a s 0”. 


(ti) 
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Difimntiatmg (6), followed by the usual treatment, shows that equal subsidiary maxima occur for at %- 115®» 
245°; Fig. 47 (6) shows the form of the polar diagram, the dotted curve showing the result of using eight aerials 
instead oi four, the full treatment of which will not be giien here. In that case, however, the formula for field 
.Jrength reduces to— 

X - cos — . cos 4 • 2 ^ 


where 


7Z COS 01 7T 
0 ^ — 2 “ 2 


46. The Bruce Type of Mesny Array,—Tlie Bruce aerial represents one of the many methods 
of setting up a line of vertical aerials and energising them in the same phase in order to produce a 
broadside array. It is also known as a “ zig-zag ’* aerial by reason of the nature of its appearance 
which is represented in Fig. 48 The array is supported with its plane, vertical by slinging it between 
dfiatics. The sides of the zig-zag arc everywhere a quarter wave in length, with the exception of 
the two ends which are an eighth of a wavelength long. The overall length of the array is usually 
between 5 to 10 wavelengths, in order to give the requisite horizontal directivity. 



The array is used chiefly for reception but its action is more easy to understand if we assume 
that it is being used for transmission. The system may be regarded as a centre fed aerial, the 
length being long in comparison with the wavelength in use. Stationary waves will be set up, with 
a current node at each end and at the centre of each horizontal member, and a current maximum 
at the centre of each vertical member. The effect is that the radiation from the two halves of the 
-horizontal members mutually cancel each other, and that the whole constitutes a number of vertical 
aerials radiating in the same phase. It will be noted that this is entirely due to bending the wire 
forming the aerial into a zig-zag shape ; the effect is somewhat similar to that of the phasing coils 
in a Franklin uniform ” aerial. 

The system is “ voltage fed," since it is energised at the voltage anti-node which occurs at the 
centre, B. The feed is usually effected by means of a coupling unit between B and a counterpoise, 
or the earth. Instead of the straight wire counterpoise shown in the diagram, one may use a lower 
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zig-zag aerial arranged to be the mirror image of the upper one. This increases the pick-up ” 
when the array is used for reception, and also gives that increased directivity in the vertical plane 
which is always the result of stacking. 

, This array gives excellent horizontal directivity, provided that the aperture is five wavelengths 
or more. Moreover, the directional properties are not a direct function of X, and are not impaired 
if the aerial is used for some frequency slightly different from that for which it is designed. This 
is to be contrasted with end-on arrays, the directional properties of which are a function of the wave¬ 
length, and hence of the spacing between the various out-of-phase aerials. 

In the Service, this simple array is used for reception at some shore stations engaged in working 
certain point-to-point services. The plane of the array is arranged to be at right angles to the 
direction of the signals that it is desired to receive. If the incoming electric field is vertically 
polarised, a standing wave system will be set up similar to that which is produced when the aerial 
is used as a transmitter. The array is somewhat selective, and for Naval work it is convenient 
keep spare arrays designed to work on certain other emergency frequencies. 

Since the array is fed at a high impedance point, it behaves as a rejector circuit. It is necessary 
to set up a carefully matched impedance system between the receiver coupling unit, the feeder lines, 
and the aerial. This impedance matching is achieved in the ordinary way by using an auto- 
transformer coupling at each end of the feeder line. The process of tuning to ensure that the feeder 
lines are non-reflective is, naturally, an elaborate technical matter. It is usually done by energising 
the aerial as a low power transmitter by means of a local oscillator. When the various units are 
in tunc, the feeder tapping point to the inductance in the junction box at the foot of the aerial is 
adjusted until three or more milliammeters, spaced X/6 apart in the vicinity of the box, all show 
the same reading. When this is the case, the feeders will have been brought to the necessary non- 
re.sonant condition (C/. paragraph 38, VI) ; the high impedance aerial will have been matched 
to a relatively low impedance feeder line, the impedance of the latter being matched to the receiver 
to which it is coupled. 

This array has the ordinary two-sided or bi-directional figure-of-eight characteristic. It may 
be given the uni-directional properties of a “ beam system/’ by mounting a similar zig-zag aerial 
at a distance of a quarter wavelength behind it. Tliis second aerial need not be energised, and will 
operate as a reflf'Ctor in a manner which will be described more fully in paragraph 49. 

47. Marconi-Franklin Series Phase Aerial.—This is a product of the Marconi Company, 
and w*as first desciibed fully in 1933 It is here cited as an example of an end-on-array, the line of 
the aerial pointing in the direction of the .station from which it is desired to receive or to which it 
is hoped to transmit. 

The basic principles have already been described in paragraph 44. The general features 
include a uni-directional characteristic which provides “ beam ” transmission or reception (para¬ 
graph 49) without the need of a reflector aerial. It requires low aerial masts, made preferably of 
wood or any other non-absorber of energy, and it is now regarded as an alternative to the older 
Marconi beam system, using the high Franklin uniform aerials. 

The system is shown diagrammatically in Fig. 49 (a), and can best be understood by considering 
its action as a transmitter, although the process is entirely a reversible one. Travelling waves are 
fed upwards through a non-radiating fe^er to the end A of the aerial. From there they travel 
along the aerial to Q, down a portion of non-radiating feeder to a resistance, equal to the surge 
impedance of the system, to absorb any residual energy. The whole action of the system depends 
upon complete absorption of travelling energy at the end Q; at this point there is no objection to 
using a mast made of steel. The dotted curves in Fig. 49 [a) represent a travelling current wave 
at an instant of time ; assuming no attenuating losses, it is similarly represented in Fig. 49 (6). 

The two limbs of any loop are sufficiently close together in space that—as regards radiation— 
they may be considered as coincident and hence replaceable by a single vertical wire on which there 
are two waves of equal amplitude travelling in opposite du'ections. Stationary waves will, therefore, 
be set up (R, 14), nodes being situated at the points B, E, H, M, etc., since at those points there 
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will always be two equal currents flowing in opposite directions. Each loop will, therefore, radiate 
in the same way as a single quarter wavelength'aerial carrying a standing wave. 

Consideration of the direction of the arrows in Fig. 49 (a) and (6) shows, moreover, that memb^s 
of this line of aerials are not radiating in the same phase at the same instant of time. Fig. 49 
and (d) show diagranunatically the relative phase of each of the aerials, the vectors of Fig. 49 (c) 
indicating the progressive phase difference of 90® between successive radiators. At the instant of 
maximum radiation—that chosen for the diagram—^it wil seen that only each alternate aerial 
is radiating, DEF, LMN, etc.; the current in DEF leads tnat in ABC by 90°, and so on down the 
line from the end A. {Note .—A lag of 270° is electrically equivalent to a lead of 90°.] 

Although each loop is equivalent to a quarter wavelength aerial, there is an important difference ; 
it can be shown that the effective radiation current is doubled, increasing the power radiated and the 
radiation resistance by four times. From this it follows that the loops ABC, DEF, etc., may now 
be considered to be replaced by single wires spaced a quarter of a wavelength apart, having equal 
R.M.S. current in each, but with a phase difference of 90° between adjacent wires, the phase laggiit;^ 
progressively from A to O. The.se are the required conditions for an end-on array, the direction 
from O to A being that in which reinforcement occurs. Considering vector Ig, it represents an 
aerial radiating a wave 90° ahead of ; sinca it is spaced by a quarter wavelength from the aerial 
represented by I^, its effect at that point will be equivalent to a wave arriving in phase. This 
reinforcement in the forward direction between the aerials corresponding to vectors and Ig, is 
represented by rotating the latter backwards through 90°. In the backward direction from A to 
O, since the wave from the equivalent aerial at ABC starts with a lag of 90°, by the time it arrives 
at the aerial equivalent to DEF it will be lagging by another 90°, and will therefore arrive exactly 
in anti-phase. Successive pairs of aerials provide mutual cancellation in the backward direction. 

The diagram shows the aerial being fed and terminated through non-radiating feeders ; these 
may be designed in various ways, and this is an essential feature in order to avoid an all-round 
pick-up at either of these points which would spoil the shape of the polar diagrams. The terminating 
resistance is usually of the order of 300 ohms; when the length amounts to four wavelengths or^ 
more, it is usually found that no termination is necessary, the travelling energy being wholly 
dissipated in the wire. At the supply end, the aerial is joined to a feeder system through an imped¬ 
ance matching circuit of the usual form. 

Increased directivity in the horizontal plane may be obtained by adding further parallel 
elements in broadside array ; it is quite common to use four of these elements, fed in pairs from a 
branched feeder line similar to that described for the Marconi beam system. The theoretical polar 
diagram for a single element of four loops or equivalent aerials is shown in Fig. 47 (6). In the 
vertical plane, the system gives chiefly low angle radiation at an angle of about 10°. The aerial 
gain is very good, and with an array of four elements it is possible to achieve a discrimination 
between front and back reception ol about 25rf6., equivalent to a power ratio of 316 : 1. 

For transmitting purposes, it has been found that satisfactory results are produced with aerials' 
four wavelengths long, having 17 complete loops. For receiving purposes, the aerials may be 
shorter, two wavelengths, or nine complete loops being a satisfactory figure. It may be noted that 
for complete cancellation of radiation in a backward direction, from theoretical considerations it 
would appear that there should be an even number of radiating loops. Since the horizontal polar 
diagram of an element with (say) 17 loops, includes a large number of small lobes in the two back 
quadrants, it is not a matter of much importance if there is also a small “ tail ” exactly at the back. 
In the case of reception, interference is liable to come from any random direction, and in practice 
both odd and even numbers of radiating loops are used. 

In connection with the horizontal members CD, FG, etc., of the system, it will be noted that 
the currents are successively 270° apart, and that the current in FG is 90° ahead of that in CD. At 
a distant point along the direction normal to the line of the array, the radiation from successive 
horizontal portions will suffer partial mutual cancellation, and the nett effect will be small if the 
system contains an odd number of radiating loops. At distant points along the line of aerials in 
the forward direction, since CD and FG are spaced by about a quarter wavelength, some reinforce¬ 
ment will occur for the reason which has been explained in the case of the vertical members. It 
is dear that this radiation is horizontally polarised. 



Section “ R.” 47-48 

'ArMathematical Note. —The current distribution at any point in the system, at any instant of time, may be 
obt^cd analytically as follows :— 

. Measuring distances from A. the points A, D, G, L. O are each distant 37i>./4 from A, where w =» 0, 1, 2, 3, 
oi. 

Similarly, points C, F, K, N, etc., are each distant (3fi -1- 2) X/4 from A, where n -- 0, 1, 2, 3, etc. 

Any two corresponding pomts X and Y, each at the same height d from the base of the tw'o sides forming a 
loop such as LM and NM respectively, are hence represented by distances— 

(3tiX/4 -f d) and [i3n -h 2)X/4 — d] from A, 

Assume that the instantaneous current at any point distant x from A due to a travelling wave moving in the 
direction ABCD ... y is given by the expression 


./ sin ^ I . [cf. T4]. 


This is more usuallv written— 
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From the point of view of tadiaitcn. LM and NM—and other similar lt)ups--inuy be considered coincident 
in space ; but as regards current, the side NM is reversed relative to LM, and hence the effective radiation current 
at the coincident point X/Y in spate ih given by the difference— 
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The value of d is, of cuiiibc, restricted to the range from zero to X/4. Each coincident pair of aerials therefore 
behaves as if it had the standing wave distribution of current of a quarter wave aerial, given by 2 cos 2T:dlX, 
Moreover, from (1) we sec that the effective current at any instant in any pair, say I-M/NM, lags behind that in 

the preceding pair GH/KH by 7 .e., it leads by Radiation will hence be reinforced in the direction QA 

and cancelled in direction AQ. The relative phase of the currents in the aerials at an instant of time may also be 
^'^en by putting t 0 and taking successive values of n 0, 1, 2, etc., in equation (1). 

The power radiated by one loop will vary as (2 ; the radiation resistance will therefore be four times the 

value of that of a simple X/4 aerial. 


48. Advantages of Arrays, Array Gain.—For transmitting purposes the use of an array 
prevents some of the wasteful radiation of energy in unwanted directions that characterises an 
“ all-round ’’ or broadcast aerial; the energy radiated is more usefully applied. This means that 
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an array can produce a given field strength at a distant point using much less power than an equiva¬ 
lent single aerial; or, alternatively, if the same power is applied to both an array and a single aerial, 
the former will produce a greater field strength along the optimum direction. This fundamenti^l 
aspect of the advantage of an array can be given precise numerical form. 

'Tfc'(a) AN ARRAY, AND A SINGLE EQUIVALENT AERIAL,—Assume N similax spaced aerials, 
each with current I and of radiation resistance R, the phasing and spacing being such that in 
some directions reinforcement occurs, giving a field strength N times that from one aerial alone. 
Neglecting the effect of mutual coupling between aerials— 

Total power radiated by array Pn — NRP. (1) 

Optimum field strength produced Xn = K (NI), 

where K is a constant (paragraph 28). 

Power radiated by one array element Pj = RT^ 

Field strength produced by an element KI. 

In order to produce a field strength of value Xn using one element only, it is clearly necessary 
to use an aerial current " ” which is N times that in one element of the array, but in that case, 

the iX)wer radiated by the Single Equivalent Aerial (S.E.A.) is given by— 

r, - Rl,*^ - R (NI)‘^. (2) 

and this is greater than Pn, hence— 

l\ R (NT)- 

Array improvement factor — N. 

This means that an array of 8 aerials can produce a given field strength using one-eighth of the 
power required by one S.E.A., and with one-eighth of the aerial current. 


(ft) AN ARRAY AND A SINGLE STANDARD COMPARISCJJN AERIAL. EACH SUPPLIED WITH,i 
THE SAME POWER. We may consider that this refers to the use of a given source of power 
either with a single aerial, or with an array of (say) the zig-zag type. 

With assumptions as before— 

Pn = NRI» =. RI,^ 

since Pn = Pp, and is the requisite current in the single aerial. 

I. = I 

Then Xn = K (NI). and X, =- KI. = K (VN ). 

• • X. 

This mean.s that if a given source of power is divided between (say) two aerials in array, 
the field strength in the optimum direction will be ■\/2 tjmes that produced by a single standard 
comparison aerial. 

Case (ft) provides a simple experimental method of comparing a directive array with a single aerial, though 

P 

it is probable that case (a) suggests a more comprehensive basis. In the latter case the ratio ~ gives the power 

which must be supplied to a single equivalent aerial divided by the power that must be supplied to the aerial 
array, in order to produce a given field strength in some desired direction. If the array improvement factor is 
expressed in decibels it is usually called the i^aln of the array. 

' P 

It is possible to arrive at an estimate of the value of the ratio if the form of the solid polar diagiam to the 

array and of the single equivalent aerial is known. From paragraph 8 it should be clear tliat the power radiated 
in each case is proi'ortional to the total volume of the solid polar diagram. In some cases this may be taken to 
be proportional to the area of the horizontal polar diagram, which is the cross section of a solid polar diagram in 
a horizontal plane. In Fig. 45 (a) and {e), the dotted curve showr the circular graph of radius Xn, usually called 
the unit ciruk, and represents the hoiizontal polar diagram of the single equivalent aerial. The polar graph of 
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the array occupies a ainaUer area, a fact which shows that, as a transmitter, such a directive array uses less power. 
From theoretical considerations polar diagrams can be plotted for a number of different cases ; we may say that, 
provided the radius factor reaches its maximum value, the array having the polar graph of smallest relative area 
the greatest horizontal directive gain. 

. . ^ . Area of circle 

Array improvement factor * 

Area of relative horizontal polar diagram 


The horizontal polar diagram of the array, whether theoretically or practically obtained, must take account 
of mutual effects between component aerials. Accordingly, this method of estimating gain eliminates one of the 
assumptions first stated and gives a better estimate of the advantage of the array. 

It was on this basis of comparison that Foster showed that, for two aerials radiating in phase, the best 
spacing was 0*609X, in order to produce a diagram having the smallest relative area, namely 1 ; 0’298. With 
that spacing the diagram is similar to Fig. 45 (6), but with two small secondary lobes along the 0® and 180® direc¬ 
tions. When the spacing is 0-5X, the ratio of the areas is 1 : 0'3479 Diagrams for cases where the phase 
i^fference is a quarter of a period, all have an area ratio of ] * 0*5. On the same basis, with 16 aerials in phase, 
Ae best spacing is 0 -88X, the relative areas then being ] : 0 *025. 

On this basis of estimation, for the case of two aerials radiating in phase and spaced half a wavelength ap)art, 
we have 

- * - 2 S8 

I'm 0-347‘» 


or using decibels 


An ay gain -= 10 log. 
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From the point of view of reception, the use of an aerial array means the relative reduction 
of received energy from random directions, especially when the array is ‘'one-sided.'' Static 
noise is also reduced and a high signal/noise ratio is maintained by decreasing the denominator 
of that ratio. 


49. Beam Transmission.—Broadside arrays having rigiiro-of-cight directional characteristics, 
may be made uni-directional in behaviour if a suitable reflector system is available which will 
concentrate the radiated energy in a ‘ forward ' direction. It is clear that the use of a uni-direc- 
tional beam, with proper concentration of energy in both zenithal and horizontal planes, will 
produce still further power economy in the case of transmitting arrays, and provide for still better 
reception in the case of a receiving array. 

The basic principle of a reflector aerial was referred to in paragrapli 44, and is illustrated in 
Fig. 45 (d) and {e). It is the same as that which accounts for the action of an end-fire array which 
has, essentially, two aerials spaced by a quarter wave-length, with currents 90° out of phase. The 
uni-directional property of an end-on array can be combined with the highly directive characteristic 
* of a broadside one, by arranging a row of reflector aerials at a distance of a quarter wavelength 
behind a similar row of aerials radiating a wave 90° out of phase with that coming from the reflector 
row. Reinforcement and cancellation will occur in mutually opposite directions at right angles to 
the line of the array 

The two rows of aerials may be similar in all respects. It is not necessary that both rows 
should be separately excited ; usually one is directly excited and the other is indirectly impulsed 
by energy received from the directly energised line of aerials. The indirectly impulsed aerials are 
usually referred to as “ reflector aerials.” By the time a wave radiated from an aerial in the 
directly excited row has travelled to the reflector, the aerial voltage has changed by 90°. By 
Lenz's law, the back E.M.F. in the reflector lags 180° behind the cause which produces it, implying 
"^hat the reflector back E.M.F. lags 270° behind the aerial voltage. Electrically, the of 270° 
is equivalent to a lead of 90°, and the reflector may be regarded as equivalent to a directly energised 
aerial, radiating a wave 90° (or X/4) in advance of the main aerial wave. By the time the wave 
has reached the main aerial row, it will be in phase with the wave being radiated therefrom; it 
will therefore augment the forward radiation, and oppose the backward radiation towards the 
reflector row. 
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This principle may be applied to many different aerial arrays, and reference has already been 
made to its use in connection with the Bruce array. Its use in connection with the Marconi beam 
S 3 rstem is described in the next paragraph. ^ 

When the two rows of aerials are precisely similar, reversal of the beam is made possible by 
interchanging their functions. 

At frequencies of the order of 30,000 kc./s. a beam can be produced in the same way as in a 
searchlight, by using the focussing properties of a parabolic reflector. At very high frequencies 
the latter can be made of sheet metal, but at the frequency in question it usually consists of a 
number of vertical wires separated about an eighth of a wavelength apart and arranged in a parabolic 
arc ; the transmitter is usually a single wire vertical aerial placed at the focus of the parabola and a 
distance of either X/4 or 3x/4 from the reflector wires. A rotating beam could be’made by revolving 
such a reflector system about the transmitting aerial as axis. One of the first of such rotating 
beacon systems was installed at Inchkeith by the Marconi Company, and although the width of 
aperture of the parabola was only about 2 wavelengths, the beam was sufficiently sharp to give an 
angular accuracy of about 3° at a range of 10 miles. 

If the currents in the line of directly excited aerials are not all in phase, the beam will not be 
at right angles to the line of the array ; if the current supplied to one aerial is slightly out of phase 
with that supplied to its neighbour before it in the line, it may be shown that the effect is to swing 
the beam round through some angle which will depend upon the amount of the current mis-phase 
between successive aerials. In practice, it is never more than about 10°. Sometimes it is necessary 
deliberately to take advantage of this fact, mis-phasing the currents supplied so as to get the maxi¬ 
mum radiation in some other direction. It is clear that this can easily be done where the various 
aerials are separately fed, as in the case of the Marconi beam system which is described later ; it would 
not be eaS 5 ^ to arrange in a ‘‘ series fed '* array of the zig-zag type. 
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Fic. 50. 

50. Marconi Beam System. —The flrst Imperial wireless beam service, operated on the 
Marconi system, was opened in October, 1926, between Great Britain and Canada. It marked 
the culminating point of 10 years of H/F experimental work, largely due to Senator Marconi, and 
was a turning point in wireless history in that it marked the end of the development of high power 
L/F transmitting station.^, of which Rugby may be said to be an example. 

The system consists of a uni-directional broadside array composed of a line of directly excited 
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Franklin “ uniform ” aerials [paragraph 40, Fig. 43 (A) and (/)], spaced usually a half wavelen^h 
ap^, with another parallel line of reflector aeries situated a quarter wavelength behind, having 

X ’als spaced a quarter wavelength apart. The diiettly excited “in-phase “ aerials are energised 
jairs from a branched concentric feeder system, shown diagrammatically in Fig. 50 (a) and (6), 

The rows of aerials are several wavelengths in height, and alternate half wavelength suppression 
is carried out in an improved manner, the older phasing coils having been replaced by a “ folded 
back “ aerial. This is shown diagrammatically in Fig. 50 (c), and represents an approach to the 
ideal uniform current aeiial. 

Reflector aerials are usually built up of insulated half wavelength sections. 

The system produces a beam inclined upwards at an angle of about 15° to the horizontal, 
having a divergence of about 11 ° depending upon the aperture of the array. 

The use of a multiple feeder system makes it easy to mis-phase the currents supplied to the 
ajRrials in line. It is sometimes done by altering the equality of the length of the subsidiary feeder 
lines. Ill the Marconi system, correct impedance matching and control of the current phase is 
simultaneously done by arranging a simple parallel circuit—Fig. 50 (a )—at each bifurcation of the 
feeder. Reference has already been made to the use of this mis-phasing in oidcr to swing the beam 
through some small angle in case of need. 

With a given aerial system, it is possible to cover a frequency band some 15 per cent, in width 
without serious loss of efliciency. This is due to the liigh radiation resistance of the array, which, 
in turn, is partly due to the use of twice as many reflector aerials as energised ones. 

51. Horizontal Arrays, Empire Broadcasting.—It has been observed in paragraph 41 
that a horizontal half-wave aerial, situated a quaiter wavelength above the earth, is rich in high 
angle radiation This may largely be countered by ananging an array of half wavelength sections, 
in which one is stacked above the other, separated by a half wavelength and excited in phase. At 
4"point vertically above the an ay the radiation will cancel out; at a distant point in the horizontal 
plane at right angles to.the line of the array, the effect of the individual aeiials will be additive. An 
increase of directivity in the horizontal plane can be achieved by arranging additional bays of 
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stacked aerials, i.e,, by arranging to have co-linear array elements. The horizontal polar diagram 
will be much the same as that of a broadside array of vertical aerials ; it may be made uni-directional 
by arranging a similar array of reflector aerials at a distance of a quarter wavelength from t]^ 
directly excited ones. The nett result is to produce a beam system with low angle radiation, 
without the use of phasing coils or high aerials. 

Horizontal arrays are widely used and the half wavelength elements may be connected together 
in many different ways. Fig. 51 (a) shows two bays, each with four sets of doublets, each doublet 
arm being a half wavelength long. The four sets of doublets are fed in parallel from the same 
transmission line, but the transposition of the latter is necessary in order that the vertically stacked 
horizontal elements may oscillate in phase with each other. Fig. 51 (6) gives a plan and end view 
of an array with reflector. 

This type of horizontal array is used in the Service in some shore stations engaged in working 
certain point-to-point services. More recently, it has been adopted by the B.B.C. for the Empire 
broadcasting services radiated from Daventry. For this special service, four bays, each of four 
horizontal half wavelength dipoles, have been found to give satisfactory results. It produces a 
beam having a divergence of 20° on either side of the centre line. If only two bays were used, the 
beam divergence would be 34° on either side of the centre line. Reflector aerials are not at present 
being used in connection with Empire broadcasting. The arrays radiate strongly in two opposite 
directions with the result that, for example, Canada’s evening programme is India’s breakfast 
entertainment. In this way directional transmission is carried out in a total of 13 directions. 

52. The Beverage Aerial, or Wave Antenna.— ^This consists of a wire ranging from a half 
to about 10 wavelengths long, supported horizontally at 10 to 20 ft. above the ground like a telephone 
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wire on the roadside, and running in the direction of the great circle bearing of the transmitter, as 
shown in Fig, 52. The end nearer to the transmitter is terminated to earth by an impedance equal 
to the surge impedance of the line, and the other end is joined through a matched impedance coupling 
to the input of a receiver. 

This aerial was originally developed by H. H. Beverage as a long wave directional aerial, to bje 
used for reception. In principle, its action at low frequencies depends upon the tilting of the wave 
front of the direct ray, due to absorption of energy by the surface over which the wave passes 
(C/. paragraph 16), With reference to Fig. 16, a field of strength X will then have a horizontal 
component X sin 6, and will develop a voltage of that amount per unit length of wire. A travelling 
wave is initiated in the wire, and, if its velocity of propagation is assiuned to be the same as that of a 
wave in free space, it will continue to receive energy as it travels and its amplitude will be built up 
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Thus, if the end of the aerial remote from the transmitter is directly connected to the grid of a 
valve whose filament is earthed, an oscillatory P.D. is developed between grid and filament. 

Since the distributed impedance alters abruptly at the valve terminals, the travelling wave is 
therefore reflected and travels backwards to the open end of the aerial where again it suffers reflection. 
Stationary waves will be set up, giving rise to large aerial losses and a diminished P.D. at the valve. 
To prevent this, the long wire system must be made non-reflective, i.e., non-resonant, by matching 
its surge impedance at both the receiver and the * open end '—or end nearer the transmitter. The 
impedance at the open end also serves to absorb any travelling waves which are initially generated 
in a direction towards the transmitter. 

The strongest signal will be received from a transmitter located in a direction along which the 
long wire points. A signal arriving from the opposite directicm will initiate a wave travelling in a 
direction away from the receiver; its energy will be absorbed by the terminating resistance, and 
tittle or no effect will be produced at the receiver In the case of a transmitter located in a direction 
at right angles to the length of the aerial, equal in-phase E.M.Fs. will be produced at points which 
are at different distances from the receiver. Partial cancellation of their effects will result, and the 
strength of the received signal will be relatively weak. 

The directional characteristics partly depend upun the length of the aerial which, in the case 
of L/F, may be as much as 5 miles; it also depends upon the terminating impedance and the 
velocity of propagation of the wave along the wire. By careful adjustment of the terminating 
impedance, it is possible entirely to cancel out any back-end reception ; misadjustment j^roduces 
cancellation in other directions. Horizontal directivity may be increased by using an array of 
Beverage aerials connected in parallel. It is an extremely efficient directional aerial, inexpensive to 
construct, and, being untuned, is c.ipable of giving simultiineous or successive reception on a number 
of different frequencies from transmitters in the same direction. Since its action as a reccivei 
depends upon the presence of earth losses, it cannot be used satisfactorily as a transmitter. 

In the Service, a simple wave antenna is used sometimes as an alternative aerial for 
reception at some shore stations engaged in working certain point-lo-point services; usually its 
length is from 500 to 1,000 ft. In this case we are concerned with the reception of the indirect 
ray, and the energising of the aerial depends upon the horizontally polarised component of the wave. 
In its simple form it is not so efficient at H/F as it is at L/F; for use at H/F its simple form has 
been adapted for higher efficiency by methods which will not be described here. The H/F “ Bever¬ 
age " aerial may also be used for transmitting. 

53. The Bruce Inverted “ V ” and Horizontal Diamond Aerials.—In 1931, E. Bruce, 
of the Bell Telephone Laboratories, described two relatively simple H/F aerials, each combining 
■ the requisite directivity with satisfactory response over a wide frequency range without adjustment. 

The use of tilted wire aerials may be regarded as the logical development of the Beverage 
type. If a wave front is not tilted downwards, or if there is no horizontally polarised component, 
no result will be produced in a horizontal Beverage aerial; it must be tilted up to meet the wave, 
and for best results the angle of tilt is quite a definite one. The mechanism of the process is not 
quite the same as for a Beverage aerial. It can be most readily understood by adopting Bruce's 
vectorial method of explanation, considering first a half wave vertical aerial. 

Fig. 53 (a) represents a vertical half wave aerial earthed through a load impedance. A vertically 
polarised field will not produce an E.M.F.in the aerial in a manner ieady well understood ; however, 
-/or use in other not so simple cases, it is convenient to regard the nett effect as equivalent to the 
’^sum of a number of small causes at different distances from E. Each elementary length will have 
an induced voltage in it, and by considering the various small E.M.Fs. to be concentrated at points 
A, B, C, D and E, it is clear that in this case they will all be equal and in phase, as shown in Fig. 
53 (6). Assuming the velocity of propagation of a wave disturbance in a wire to be that of light, 
a finite time will be taken before a cause " at A produces an effect " kt E, and, in the case of a 
wave» by the time it arrives it vrill be lagging by ISO” on a disturbance starting at E, since the distance 
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is a half wavelength. The waves from intermediate points will arrive at E lagging by intermediate 
angles, and the equivalent vectors to be added are shown in Fig. 53 (c). The process of vector j 
addition produces the vector polygon of Fig. 53 (rf), in which the vectors may be taken almost to lie 
along the arc of a semi-circle, the resultant being the closing side ; since that is the diameter, it is 
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clear that these conditions produce a maximum E.M.F. in the aerial. It will be noted that the 
E.M Fs. in the elementary lengths at A and E are 160*^ out of phase ; it will be shown later that this 
may be adopted as the basis of the criterion by which the optimum conditions may be reeognised. 
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It will be noted that if the wire were vertical and one wavelength long, the vector sum would 
be pven by a closed circular figure, implying the absence of a res^tant. With reference to Fig- 
43, it will be recalled that a wavelength aerial produces no field in the horizontal plane through the 
idbt of the aerial This case may be compared with that of a horizontal Beverage aerial when the 
transmitting station is located in a direction at right angles to that along which the aerial points. 

The null effect due to the lagging waves from the upper end of a wavelength aerial may be 
countered by tilting the aerial forward in the direction of the transmitter, as shown in Fig. 54 (a). 
With a plane vertical wave front, when the projection of the aerial on the horizontal plane is a half 
wavelength, the induced voltage vector at A will be 180° ahead of that at E, a point further from 
the transmitter and therefore lagging in phase. {Cf. Section “ T,” paragraph 4.) 

Fig. 54 (&) shows the relative phase of the R.M.S. induced voltage vectors at intermediate 
points at the same instant of time. As before, the nett effect at E will depend upon how far the 
■’'iduced wave has to travel in the wire from each point. Fig 54 (c) represents the equivalent 
vectors to be added at R. Starting at E, the vector e lepresents the effect. At D, the initial 
E.M.F. is 45° leading, but since its distance in the wire from E is X/4, its equivalent effect is that of 
vector d which lags by 90° on the initial cause. Similarly at C, the initial E.M.F. is 90° leading but 
sinc^ its distance from E is X/2, the equivalent vector must be lagging by two right angles on the 
initial cause ; it is therefore vector o. (These vectors are not labelled in the Fig.) 

Fig. 54 [d) represents the sum of these equivalent vectors at E. Again, the vector polygon is a 
semi-circle and the nett E M.F. in the tilted wire is a maximum. It is apparent that the criterion 
for optimum conditions already stated, still applies here, but in terms of the tilt angle, it is now 
better stated as follows ;— 

The E M.F. will be a maximum when the tilt is such that the length of the wire is a halfwave 
length longer than its projection upon the horizontal plane in the wave direction of propagation. 

To get a larger effective induced voltage, the tilted wire must be made long with respect to the 
wavelength in use, and for each length of wire it is easy to calculate the proper till angle. It is 
here given in Fig. 55. It will be noted that when the length of the aerial is large, the tilt angle 
changes slowly, a fact which implies a wide frequency response on either side of the optimum 

frequency; in practice it may safely range 
from 0*7 to 3-0 times the fundamental wave¬ 
length . 

Since the tilt angle will only be correct for 
one direction of advancing waves, it is clear 
that the aerial has directional properties, and 
will discriminate between signals arriving from 
various directions. 

Fig. 56 represents the addition of a second 
tilted wire, forming an inverted V." It is 
shown earthed through a resistance Rj equal to 
the surge impedance of the system. The earth, 
as usual, functions as an image aerial. 

In the wire tilted towards the transmitter, 
the phasing of the induced voltage vectors 
LAGS progressively more from A to E; in the 
wire tilted away from the transmitter, it LEADS 
from Aj to E^. Considering the two wires 
separately, this means that the nett effect at A^ due to the one is the same as that at E due to the 
other. Jointly, the two elements of the “ V " add in proper phase relation, a fact which is brought 
out by rotating through 180° each of the vectors representing the induced volts at points A, B, etc. 
The results of this process are shown in Fig. 56. 
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In addition to giving an increase in signal strength, the inverted “ V aerial presents a con¬ 
struction for which the non-reflective termination Rj is more easily arranged than for a single 
:!|led wire. Moreover, it has enhanced directional properties, and, if desirable, may be arranged 
so that “ back wave reception is entirely cancelled. In front wave reception, principal travelling 
waves are set up in the direction of the receiver; any in the other direction are absorbed in R^. 
In back w^ave reception, the principal travelling waves will proceed towards where their energy 
is absorbed ; the effect of any energy travelling towards R may be summed up by reference to 
Fig. 56, where it will be observed that the phase of the induced voltage at (say) C lags behind that 
at E. Moreover, since its distance from E is a half wavelength, its effect at E makes it equivalent 
to a wave lagging by an additional 180°. 

It will be seen that in this case the phase changes rapidly, and the appropriate vectors are shown 
in Fig. 56. The elementary vectors trace circles, and with a longer wire would trace more. 
^"STne residual effect is therefore produced at R ; in fact, although the aerial is correctly designed 
for maximum E.M.F. in the case of front wave reception, it represents the worst case if it is hoped 
to eliminate back wave reception. Bruce shows that it is possible simultaneously to satisfy these 
two requirements by designing the aerial so that the wire length of each element should be an odd 
number of quarter wavelengths greater than one, whil^ at the same time satisfying the condition 
for optimum tilt, already stated. Where .so designed, the vector diagrams for back wave reception 
will be closed figures. 

There are various alternative forms of these aerials. lastcad of terminating to earth, and 
relying on the latter to pioduce the effect of an image aerial, a double “ V '' or vertical diamond 
aerial may be set up and the whole insulated from earth. The lower half replaces the earth in its 
functions, and the aerial responds wi 11 to vertically polarised waves. The “ horizontal diamond 
aerial will respond to horizontally polarised waves, and bears the same relation to the inverted 
“ V as a horizontal dipole does to a Marconi aerial. The horizontal form frequently gives better 
’"^ults in districts where there is much static interference. For matching purposes, their impedance 
is of the order of 600 ohms ; the actual figure may be controlled by constructing the legs of the 
diamond with spaced w^ircs. 

The horizontal diamond type has vertical plane directivity which is controlled by the length of 
the legs, the tilt angle, and the height above the ground. As usually operated it possesses low angle 
vertical directivity. In general, both the vertical and horizontal polar diagrams resemble those of 
a broadside array. 

The simplicity, satisfactory performance, and low constructional cost of these aerials has done 
much to make them almost more popular than complicated directional arrays. In the Service 
they find some use at certain shore stations engaged in working point-to-point services. 'Die 
have used them especially in connection with the reception of American broadcasting ; in 
that case an inverted “ V '' was employed in conjunction with a horizontal diamond, using a species 
of diversity reception as a means of countering the fading which is always experienced on H/F. 
It seems possible that they may find a limited application on board ship ; an inverted “ V " type 
has been used in K.M.S. “ Queen Mary." For the reception of the Empire broadcast transmissions, 
the B.B.C. have recently recommended their overseas listeners to use an inverted V aerial. 

54, Diversity Reception. —This is the name given to the various schemes that may be utilised 
at a receiving station, the object of which is the elimination of the phenomenon of fading. In 
paragraph 34 brief reference was made to the cause of the latter ; in general, it may be said to be 

to an interference effect produced by waves arriving at the receiver, having followed different 
piths. 

Fading is more seriou s at high frequencies, where a given change in length of path constitutes 
a larger percentage of a wavelength ; it must be overcome if full use is to be made of the advantages 
of H/F transmission. It is usual for broadcast frequencies only to suffer badly from fading during 
night time reception, when the proportion of indirect ray is generally greater. 

At the transmitting end, fading is countered by aerial desi^oi [cf. paragraph 40) and by the use 
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of interrupted continuous waves at H/F. In order that the latter should work most effectively in 
conjunction with the arrangements at the receiving end (diversity reception), the two-side 
band frequencies should not be far apart; this involves the use of low modulating frequeno ites 
(from 50 to 300 cycles, depending on the wave frequency), ana the Dest results are ootcuned by 
employing a carrier suppression system. I.C.W. transmission using modulating frequencies of the 
order of 1,000 kc./s, is of little help in overcoming fading, since it involves too great a separation 
between the aeriaJs used for diversity reception; it affords no help at all to a receiver on board 
ship employing a single aerial. 

At the receiving end fading may be countered by methods based on the observation that it is 
a comparatively local phenomenon ; if a signal fades at one place, it may be quite strong at another 
a few hundred feet away. On this assumption two or more spaced aerials or arrays may be set up, 
and arrangements may be made to obtain a common output, so giving what is known as 
“ diversity reception,’' Including telegraphy and telephony under the same heading, 
appears to be at least three ways of achieving this object, classified as follows :— 

(fl) MULTIPLE DIVERSITY.—A complete receiver is fitted to each aerial or array, 
and the A/F output is combined across a common impedance at the final output 
stage. It is necessary to use separate receivers for the aerials in order to avoid the 
possibility of anti-phase conditions at a common input. This is a very much used 


R.F TRANSMISSION 



method, but it suffers from the disadvantage that if a deep fade occurs at one 
aerial, though it then contributes no signal, the noise output remains the same. 
This will produce an increase in the signal/noise ratio. Furthermore, if any aerial 
receives a distorted signal, due to selective fading, this distortion is handed on 
through the receiver. 

(6) MULTIPLE DIVERSITY WITH COMMON A.V.C.—Each aerial is provided with 
its own receiver, but the final output is chosen automatically from that circuit 
which is giving the best results. This is achieved by using a common A.V.C. 
voltage for each receiver, provided in the manner indicated in Fig. 57. In effect, 
the receiver experiencing the strongest signal provides the A.V.C, voltage wliich 
reduces the gain of the R/F and I/F amplif 3 dng stages. The noise contribution of 
the " idle " aerials is reduced, and, with square law detection, the voltage output 
of the active aerials is relatively increased. This means that the receiver 
having a signal (say) three times the strength of another will contribute about nine 
times the output. This method is to be regarded as an improvement on simple 
multiple diversity." 
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(c) SWITCHED DIVERSITY.—This refers to the use of two spaced aerials with a common 
receiver. The possibility of anti-phase conditions existing at the input is overcome 
by arranging automatically to switch the input between the two aerials at an audio¬ 
frequency of about 500 cycles per second. In this way, if the signal from aerial A 
falls to zero, it is still possible to rely on aerial B, although it is clear that the latter 
will only be connected to the receiver for 50 per cent, of the' time. The switching 
cannot be done mechanically, and is usually done by controlling the grid bias of the 
valves at the inputs of the two receivers. A local oscillator coupled to the grid 
bias circuit may give an injected voltage winch could be used to provide the 
equivalent of an electrical switch operated at a frequency of 500 cycles per second. 

vSwitched diversity " is suitable when the signal/noise ratio is high; since 
the principle of using one aerial for only 50 per cent, of the time involves certain 
losses, at times when the sigiial/noise ratio falls, it is usually customary to revert to 
“ multiple diversity.*' 

The best sparing between the aerials has been investigated by vanous workers. It has been 
observed that the requisite distance between aerials expressed in terms of X increases as the frequency 
increases, a fact which implies that the actual spacing leniains more or less the same throughout 
a wide frequency band. Very loughly, the best spacing varies irom 10 to 20 wavelengths, with a 
minimum of 4 wavelengths. 

A form of diversity reception employing an inverted V and a horizontal diamond aerial 
has been referred to in paragraph 53. It is based on the hid that the vertically and horizontally 
polarised components seldom fade simultaneously by the same amount 


EXAMINATION QUESTIONS ON AERIALS. 

""luinerical Examples. 

1. If 100 kW. of energy are radiated from an antenna of 100 metres effective height at a frequency 

of 60 kc./s., what would be the strength of the electric field in micro volts per metre at 
a distance of 100 kilometres, assuming that no absorption effects are present ? 

(Result: 3 X 10^ fiV/m. C. & G. Final, 1932 ) 

2. The current measured at the base of a transmitting antenna is 220 ajnperes. The antenna is of 

inverted “ Lform, with a radiation height of 160 ft., and the frequency radiated is 
37-5 kc./s. What is the power radiated ? 

(Result: 2-853 kW. I.E.E., October, 1926.) 

/ 

3. ^ aerial has an effective height of 100 metre.s, and the current at the base is 450 amps. (R.M.S.) 

ai 40 kc./s. What is the power radiated ? If the total resistance of the aerial circuit is 
1-12 ohms, what is the efficiency of the aerial ? 

(Result : 57 kW. ; 25-14 per cent. C. & G. Final, 1930.) 
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transmitting aerial having an effective height of 200 ft., takes a current of 50 amps. (R-M.S.) 
at a frequency of 480 kc./s. Calculate :— 

(a) The radiation resistance of the aerial. 

(b) The power radiated. 

(c) The aerial efficiency for a total aerial resistance of 50 ohms. 

(Result: 15-09 ohms ; 37-73 kW.; 30-17 per cent. L.U., 1933.) 

5. A transmitting aerial having an effective height of 120 ft. takes a current of 10 amps, at 1,000 
kc./s. If a receiving aerial with an effective height of 50 ft. and an effective resistance of 
4 ohms is erected at a distance of 50 miles from the transmitter, estimate the current in 
the receiving aerial. Explain the formula and each step in the argument. What corh- 
plications, if any, would be introduced into the calculation if the distance between trans¬ 
mitting and receiving aerials were 1,000 miles ? 

(Result: 21-76niA. L.U., 1934.) 

Mainly Descriptive Examples. 

1. What are the quantities that form the total “ aerial resistance ? Draw a curve showing how 

the various parts and the total depend on the wavelength. 

(C. & G.I., 1927.) 

2. Describe a method whereby the resistance of a large transmitting antenna can be accurately 

determined. 

(I.E.E.,May, 1933.) 



3. State the various types of masts and towers used to support the antenna of land stations. Discuss 
the relative advantage of stayed masts versus self-supporting towers for various heights 
and structures. 

(C. &G. Final, 1931.) 

^4. Describe any type of directional antenna array suitable for short wave transmission or reception, 
and indicate clearly how it is connected to the feeders. ' 

An antenna array consists of eight vertical aerials in a straight line spaced half a 
wavelength apart and energised equally in phase. What will be the angular width of 
the forward beam in the horizontal plane ? 

(Result: 29^ C. & G. Final, 1935.) 

5. Explain the causes of fading in the reception of short and medium waves. AMiat methods are 
adopted in practice to minimise the effects of fading ? 

(C. & G. Final, 1933.) 
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DIRECTION FINDING. 

1. This section gives a treatment of the principles of methods which can be used to determine 
Hjie direction of incoming radio signals. Assuming that these have travelled along a great circle 
path, as is normally the case, the bearing so determined will give the direction of the transmitter 
with respect to the receiver. This process is known as Direction Finding (D/F). 

In general it can be done in two ways :— 

{a) With “all round ’’ transmission, which is the normal method in a ship, the bearing 
of its signals must be determined by the use of special apparatus at the receiving 
station. This is directional reception, and it is with this that the section 
is mainly concerned. 

(fi) Alternatively, as a result of previous information it may be known that at a certain 
time a transmitter is radiating energy on one definite bearing only. The reception 
of the signal by an ordinary receiver then gives the bearing of the transmitter. This 
is known as directional transmission, and is the principle of operation 
of the rotating navigational beacoi^s used for the assistance of ships and aircraft. 
A biief discussion nf this matter is included. 

DIRECTIONAL RECEPTION. 

2. Basic Principles.—The basic principle of diiiUioiial reception is the use of a loop aerial 
or its electrical equivalent. 

Fig. I shows this as a single loop of wire which for convenience only 
is taken as being rectangular in shape. It is to be considered as set up 
with its plane vertical and capable of rotation about a vertical axis XY. 
It will be recalled that for a vertical aerial of height “ h “ in a field of 
electiic intensity X, a potential difference is produced between its ends 
given by V = Xh in K.M.S. values, where the field strength X is usually 
measured in millivolts/metre. AD and BC function as vertical aerials, 
and if the plane of the loop is set at right angles to the path of vertically 
polarised radiation, it is clear that in all practical cases the variable 
electric field threading AD will be equal in magnitude and phase to 
that at BC at every instant, since both AD and BC may be regarded 
as equidistant from the transmitter. 

This is illustrated in Fig. 2 {a). The variable electrostatic field 
threading BC is shown as being equal to that threading AD. E.M.F.'s 
repre-sented by the vectors Ej and Ejj’are induced in sides AD and BC 
respectively. It is clear that in this case these E.M.F.'s are directed in 
opposite directions around the loop and, accordingly, cancel each other. 
It is at once evident that the horizontal sides can be neglected for a 
wave whose electric field is vertical, since the P.Ds. in these are negligible, and are in any case 
produced at right angles to the direction of these sides and so do not contribute to the E.M.F. 
around the loop. 

Alternatively, one may regard the loop as being cut by the horizontal magnetic flux which 
is complementary to the vertical electric flux, the two together constituting an electro-magnetic 
wave. (This subject is more fully explained in the section on AERIALS). Disregarding the 
thickness of the wire forming the loop, AB and DC cut no horizontal magnetic flux; E.M.F.'s 

only produced in AD and BC. This will remain the case whatever the orientation of the loop 
I Consider now that the loop is turned through 90°, until its plane lies in the direction of the 
wave, as illustrated in Fig. 2 (6). The distances of the two vertical sides from the transmitter then 
differ by the width of the loop. The electric fields of the wave are therefore different in phase at 
the two sides, and produce E.M.Fs. differing in instantaneous value and proportional to EF and 
GH respectively. At any instant there is therefore an E.M.F. around the loop equal to the difference 
between the E.M.Fs. in its vertical sides. The R.M.S. value of the E.M.Fs. induced in the two 
vertical sides will clearly be the same numerically, although they will be out of phase. In Fig. 2 (i) 
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vectors E, and E, represent this, while the vector triangle shows the value of Ej—^E,, the loop 
E.M.F. In any position of the plane of the loop other than that of Fig. 2 (a), the vertical sides 
are at different distances from the transmitter and, accordingly, the vectors Ej and E, are not iB 
phase, and a resultant E.M.F. equal to the vector difference of and Eg will be produced around 
the loop. It is clear that the loop E.M.F. is a maximum in the case of Fig. 2 (&). 
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If 6 is the angle between the plane of the loop and the direction of the wave then writing E,, for 
the maximum R.M.S. value of the loop E.M.F., and Eg for the loop E.M.F. at any angle 6, we have 

Ep ~ E, when 0 = 0, and Ep = 0 when 0 = 90°. 

From this it would appear that Eg varies as cos 0, and hence we write 

Eg = E, cos 0.(1) 

It should now be evident that the numerical value of E , the maximum R.M.S. value of the 
loop E.M.F., is proportional to 

(i) h, the height of the vertical sides, ^ 

(ii) d, the width of the loop. This controls the phase angle and gives a maximum value 

of El — Ea, when oc = 100°, that is to say when ^ (see Fig. 2 (b) ), 

(iii) X, the intensity of the electric field. 

From Fig. 2 (6) it is also clear that El, will vary inversely with X, the wavelength. Further, 
when d is smdl in comparison with X, it follows that since it is advantageous to make both h and d 
large, this is really equivalent to saying that A, the area of the loop, should be as large as possible. 
It can be shown that the following formula relates these qua^itities together:— 

and hence . (2) 

X c 

(where c=/X, c is the velocity of propagation of E.M. waves, and /is the frequency). 

In regard to the phase of E*., it will be recalled that as for all vertical aerials, vectors Ej and 
in Fig. 2 (b), representing the E.M.Fs. in AD and BC respectively, are in phase with the 
field of the wave. E^ represents the relative direction of the field of the wave at the centre 
of the loop and it is clear from the geometry of the ngure. nai Eq is at right angles to E^ —Eg. 
This means tliat Eli the loop E.M.F., is out of phase with the field of the wavo. 
To understand the problem of sense finding it is important to bear this in mind. 
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The loop extracts energy from passing radio waves but is not a very effective aerial from the 
point of view of signal strength, because E.M.Fs. induced in the two vertical sides are in antiphase 
;jad so tend to cancel each other. This can be expressed in terms of the effective height, which is 
tlie resultant loop E.M.F. divided by X, the field strength. Ihis gives 

Efiective ht. == —or in terms of h 
c 


Effective ht. = 



cos 6, for a rectangular frame at any angle 6 to the direction of 


the signal. 

The effective height of a simple quarter wave aerial is 2/7r times its phy.sical height (RIO), so 
taking a frame and a simple aerial each of the same height, and using the frame aeiial in the position 
of maximum signals, wc obtain the ratio— 

^ *2 _ Effective height of frame a^ial 2-rfdhjc _ 

Effective height of simple aerial 2hliz c 

and for a frame of width 1 metre, at 600 kc./s , the value of c being assumed to be 3 X 10® metrcs/sec. 


*2 _ >0 x_6 X 10^ _ 1 
■ 3 x'lO® ■ '50’ 

It is thus clear that sensitive prc-selector gear is lequired in D/F work, or w^hen a frame aerial 
is used for ordinary reception. 


3. Polar Diagram of Reception.—We have 

E 0 -- cos 0. 

A curve may now be completed showing the magnitude and phase of 1% for all values of 6 from 0° 
to 360°. Such a curve is called a Polar Diagram ol Kereption, and in thi.s particular case of the 
\QOp aerial it takes the form of two circles as shown in Fig. 3, and is usually called a “ figure-of- 
eight diagram. 

The value of Ej for any particular 
value of 0 is obtained by drawing through 
O to the curve a line making a counter 
clockwise angle 0 with OA, e.g., OB is Eg 
for the value of 0 shown in Fig. 3 

OA = OC E,. 

It can be seen that the curves are circles 
by considering that they have to satisfy the 
relation Eg -- E,. cos 0. In the particular 
case shown, this means that OB — OA cos 6. 
Hence the angle OBA must be a right angle, 
and B is therefore a point on a circle whose 
diameter is OA. 

That there must be two circles, arranged as shown, is evident from the fact that in any 
position the loop may be turned through 180® without affecting the numerical value of the 
E.M.F. induced round it; the phase of the E.M.F. is, however, altered by 180°, i.e., the E.M.F. is 
in the opposite direction round the loop at any corresponding instant compared with the first 
position. The polar curve can be taken as indicating the proportional strength of E.M.F. induced 

2 a loop aerial which is rotated through 360°, the transmitting station being fixed; or, alternatively, 
e E.M.F. induced in a fixed loop by a ship steaming round it in a circle and transmitting con¬ 
tinuously, With the loop at right angles to TO, i.e,, along YOY', zero signals are received. 

In the same way, the polar diagram of a vertical open aerial would be represented by a circle 
drawn with O as centre, indicating equal receptivity from all directions. 

The variable E.M.F. induced in a loop aerial according to its orientation is of great assistance 
in direction-finding, and, in combination with the E.M.F. of a vertical aerial, for sense finding. It 

o 4 
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is essential to bear in mind, however, that the vertical aerial E.M.F. is in phase with the electro 
magnetic wave, but tliat the loop aerial E.M.F. is 90° out of phase with the electromagnetic wave 

The elimination of this phase difference so that the effects may be capable of arithmetical 
addition or subtraction, is the main feature in the design of sense-finding receivers. ~ 

★4. Mathematical Analysis.—To deduce the formula giving the numerical value of E^, the loop E.M.F., 
it is necessary to consider the actual value of the phase difference between the two vertical sides, when the plane 
of the loop makes an angle 0 with the direction of the transmitter. Considering Fig. 2 (b), the electric field at 
F can be written in the form sin tit, being the amplitude or maximum value of the electric field. The 

magnetic field at the same point may be written in the form sin mt, yO being—likewise—the maximum value. 
Points 1 and 3 in this diagram are distant X apart and differ in phase by 27i; by simple proportion points d 

apart will differ in phase by the angle - —. Further, since the whole wave system moves forward, with respect 
to any fixed point F, 

j)nmts FURTHER from the transmitter than F, LAG in phase, 

points NEARER to the transmitter than F, LEAD in pha.se. ^ 

This means that any event, such as the instant at which the fields pass through their zero values, happens at H 
after liappemng at F; at the point 1 it will happen before it happens at F, since the wave motion reaches 

there earlier. Hence, if the fields at F are represented by 
sin uit and Jff sin mt, the fields at H can be represented by 

tiit — “^^^.and %’sin 

V X; 

to F 13 represented by s, the fields 

sin -1- and y£ siu^ui + 

Fjg. 4 shows the plane of the loop AR making an angle 0 with 
the direction of the incident wave. AZ and BY are drawn perpendi- 
I I'ular to the direction of the wave, and therefore he in the wave 

\ fionts passing through A and B respectively. In other words, the field 

at A IS eijual to the field at Z and the field at B is equal to the fieief, 
at Y. AO^OB^fl, and OZ = OY —a cos 6. h—the length of 
tile vertical sides of Ifie loop. 

Let the electric field of the wave at O be sin tit. Then the field at Z, at a distance a cos 0 further 

, 27ra cos 0^ 

similaily the field at Y is sin 



ct sin 


1 


, Ind 

til —- 

X 


If tlie distance from 


at 1 would be 


h-“- 
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from the transmitter is sin ( ti>/ —-:— 


2 na cos 0 

T 


( 27ra cos 0\ 

^ 2 Tza cos 0\ 
,'i:h sin [iDt --j 

and sin and the loop EM.F. is the difference of these two expressions. Hence 


The K.M.Fs. induced m the vertical sides AD and BC are therefore 
27za cos 


e, 

. / 

^ 27tfl cos ()\ i 

f 2Ttfl COS 0 \ 1 

sm I 

“x )- < 




/ 2 Ka cos 0\ _ 


£0 = 2 // h sin 

- . Cos cof . . 



(3) 


This is the general expression for the mstantaaeous E.M.F. round the loop. It is seen to be an alternating 




as the wave. 


follows that differs in phase by 90° from the field of the wave at the 


E.M.F., (cos w/), of the same frequency 

Since cos = sin ^ ^ 

centre of the loop, i.e., the mean field. 

By putting 0 ^ 0, we get— 

Amplitude of loop, E.M.F. = 2^h sin 

2im . „ , ^ 

' «a small angle, and the angle itself (in radian measure] may be substituted for its sine. 


the loop E.M.F. then becomes 2 jf'h 


Tzd 


and when d, the width of the loop, is small in comparison with X, 

The amplitude of 


Now M == A the area of the loot) also c f\. 
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Amplitude of loop E.M.F, = — / and in R.M.S. v'alues we have Et - which is the 

c Cy/*Z c 

result that was stated in paragraph 2. 

In general we have Es =Ei cos 0. 



This value could also be deduced from the magnetic 
field, as in the case of a vertical aerial, by considering 
the tlux cut by the two vertical sides. It is, however, 
perha})s more interesting to derive it from the magnetic 
field in terms of the flux-linkage with the loop. 

The direction of the magnetic field is horizontal, and 
at right angles to the line TO in Fig. 5. Its value at O 


T iG. 5. is sin tijf. This may be taken as ils average instantaneous 

value everywheie inside the loop, if the same assumption, 
that d is small compared with X, is made. 

^ The projected area of the loop in the direction of the transmitter, t.p., at right angles to the magnetic field 


is 


h A d cos 0 — A cos 0, 


(C/. Eig 5.) 


Hence the flux-linkage with the loop is .:^’a CDS 0 sin wf. 


The induced E.M.I. is the rate of change of the fiux-lml..it,i^* cos 0 sin ui) uiJjTA cos 0 cos uf, 

in E.M.Us. if is in E.M.Us. Kxpre.ssed in E.S.Us. — cit therefore becomes — ^ 

^ ^ c 

maximum amplitude is then ‘ns before. 


5. The Frame Aerial.— Hie fru-iiie aerial is a devclopm(‘nl uf the loop aerial, consisting of a 
number of loops instead uf one. 

If we could imagine n loops of the same size and co-planar, the E.M.F. induced in the frame 
'^^ould be n times that induced in a single loop. This follows, for example, from the proof given 
above that the E.M.h. is proportional to the rate of change of Ilux-liiikage, the latter being n times 
as much for a loop of n turns as for a single turn. We have also the fact that the larger the frame 
aerial, the larger wdl be the E.M.F. induced. This latter effect is found in practice to be greater 
than the first, and it is usually better to have as large a frame as pnssibh* with a few turns, rather 
than a small frame with a large number of turn.'*.. 

In practice the theoretical as.sumption.^' about frami‘ aerials cannot be achieved, and if more 
than one loop is desired, so as to increase signal strength, the loops must be wound in either (a) 
box form, or (6) pancake foim, as illustrated in Fig. G. In the 1k>x form, the loops arc of the same 
dimensions, but not coplanar, and are equivalent to a single loop of n times the area in a plane parallel 
themselves, plus a loop at right angles of area equal to half the an a of the vertical side of the box 
frame. Hence zero signals will not be obtaine d when the frame is exactly at right angles to the 
line joining it to the transmitter. 



coic acaials 
Fig. 6. 
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In the pwcake form the total E.M.F. is the sum of the separate E.M.Fs. in the loops, these 
being proportional to the dimensions in each case. It is equivalent to one loop whose area is the 
sura of the individual areas, and gives zero signals when its plane is at right angles to the trai^ 
mitter. 

In the case of the box form, witli N turns, the formula of paragraph 2 now becomes 

„ 27tXNA/ 
c ' 

and gives in volts (R.M.S.) if all quantities are in practical and C.G.S. units. If we consider 
the magnetic field of the wave instead of its electrostatic field, then since X=cH, in absolute E.M. 
units, we have Et — 27tHNA/; on dividing the result by 10®, we have in volts. In E.M.Us., 
and in air, H is expressed in ‘‘lines per square centimetre.” 

6. D/F Systems.—From the point of view of service practice, it is now possible to distinguish 

four systtms of D/F and these will be treated in the order :— ^ 

(a) The rotating frame coil aerial system (paragraph 7). 

The crossed loop aerial or Bellini-Tosi system (paragraph 12). 

(c) The fixed crossed frame coil aerial system (paragraph 16). 

(rf) The Adcock system (paragraph 38). 

In general, the direction of the transmitter, as thus determined, is ambiguous. It is convenient, 
therefore, to make a distinction between the direction and sense of a bearing, the direction 
giving the line of the bearing and the sense indicating which of the two possible bearings is the 
correct one. 

7. The Rotating Frame Coil Direction Finder.—^To determine the direction of a transmitter 
use may be made of a vertical frame coil, or loop aerial, capable of rotation about a vertical axis. 
As the coil is rotated maximum signal strength is obtained when the coil points to the transmitter, 
and no signal is heard when its plane is at right angles to the direction of the transmitter. The ^ 
determination, however, of either of these positions is sufficient to ascertain the direction of the,* 
transmitter. It will, however, be observed from the polar diagram, that the change in signal strength 
with the angle of rotation is much more pronounced in the neighbourhood of zero signals than in 
that of maximum signal strength. Thus, a more accurate determination of the bearing can be 
obtained from the zero signal position, and this position is always used in practice. 

In regard to the design of the frame coil, for each frequency there is a best number of turns to 
give maximum efficiency. The lower the frequency the greater should be the number of t\ims. 
This arises from the fact that the E.M.F. induced in the frame increases directly as the number of 
turns, while the inductance increases approximately as the square of the number of turns. 
At the same time, the high frequency resistance increases more rapidly than the number of turns, ^ 
depending considerably on thjc spacing of the turns and the diameter of the wire. The net result 
is that for any given small frequency range, there is an optimum number of turns for a coil tuned 
directly by a condenser. For example, for a coil 3 ft. 6 ins. in diameter six turns is a satisfactory 
number for a frequency band 500-1,000 kc./s. The coil can also be used for much lower frequencies 
without great loss of efficiency, but its use at higher frequencies is attended by an appreciable 
reduction in efficiency. At 15,000 kc./s., it would be preferable to use a single turn coil tuned 
directly by a condenser. 

The coil may be rotated directly by hand operated mechanical means, or from a distant office 
by electric or hydraulic gear. Wliere the office is at a considerable distance from the coil, the 
capacity and inductance of the cables connecting the coil to the receiver will tend to affect the 
optimum number of turns for any desired frequency range. 

The shaft which rotates the coil, directly or indirectly, may actuate a pointer moving over a 
scale graduated from 0 to 360®, and the pointer may be set so tW the reading when Zero signal is 
obtained is the true great circle bearing of the transmitter. If, for example, the wave is arriving 
from due north, the zero is obtained when the coil is pointing east and west, and the pointer may be 
set so that the reading is then 0°, i.e,, true north. 
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Coils in common use are of varied shape; for some purposes, frame coils of hexagonal shape are 
to be preferred to those of square or circular form. As shown in paragraph 2, the area of the coil 
and not the shape is a factor of importance in determining the loop E.M.F, 

8. Antenna or Vertical Effect of a Loop. —^'fhe use of a loop for direction finding depends 
entirely on the fact that when the loop is at right angles to the direction of propagation no signal 
is heard. Anything wliich may cause signals to be heard when the loop is in this position is detri¬ 
mental to accurate direction finding. One such effect is due to the unequal action of the two sides 
of the loop as vertical aerials and is described as “ vertical or “ antenna action/' 

It was seen in paragraph 2 that the E.M.F. round the loop was the difference between the 
E.M.Fs. induced in the two vertical sides. Now consider the simple D/F receivei .shown in Fig. 7. 

The loop (shown as consisting of two turns) is tuned by a 
condenser, and the voltage developed across the condenser is 
applied between the grid and fikunent of the first valve of a receiver. 
\^en the plane of the loop is at right angles to the direction of the 
transmitter, there is no resultant E.M.F. round the loop, and 
therefore no voltage across the condenser due to this cause. There 
arc, however, large equal E.M.Fs. in the vertical sides of the loop. 
These vertical sides each have a certain amount of capacity to 
earth, one side from Y via the capacity to earth of the grid, and the 
other side from X v'a the filament. The sides of the loop therefore 
behave as earthed vertical aerials ; moreover, their paths to earth 
are unsymmetrical, and therefore of different impedance. It is 
obvious that the impedance from Y to earth via the grid will be 
different from the impedance from X to earth via the filament 
circuits. Thus, even when equal E.M.Fs. are induced in the two 
vertical sides (i.e.j in the position of the loop where zero signals would be expected), unequal currents 
.^will flow in them due to their unequal impedances, and the points X and Y will not be at the same 
potential. Hence a P.D. is devtdoped across the condenser, and a .signal will be heard. Due to this 
vertical effect, either no zero signal po.sition will be obtained, or, if it is, it will not occur when the 
plane of the loop is at right angles to the direction of the transmitter. 



9. Elimination of Vertical Elffect.—^The obvious method of preventing vertical effect due 
to unequal capacity of the vertical sides of the coil to earth, is either to equalise these capacities 
or to short-circuit them by providing symmetrical paths to earth of much smaller impedance for 
the vertical'^currents. 



Fig. 8. 


10. Tuners and Receiving Apparatus. —^The difficulty of providing the requisite synunetry 
increases with the frequency, and is one of the chief features in the design of tuners or pre-selector 
gear in this and other systems of D/F. At low frequencies, below 100 kc,/s. and up to 600 kc./s. 
for rough searching in the “ stand-by " position, a simple solution is to earth directly the mid point 
of the coil as shown in Fig. 8 {a). 
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The vertical currents in the two sides of the loop then flow straight to earth, being provided 
with equal paths of much smaller impedances than those from the capacities to earth of the valve 
electrodes. Since the paths are symmetrical, X and Y will be at the same potential as far as vertic^ 
currents are concerned. It will be noted that in this circuit only half the voltage developed acrosp^ 
the tuning condenser by the loop E.M.F. is applied between gi id and filament of the valve. Fig. 8 (6) 
shows the equivalent circuit and represents the arrangement used sometimes at medium frequencies. 

A normal frame is treated as aperiodic for low frequencies up to about 
180 kc./s., and is coupled to a tuner by an auto-transformer coupling (Fig. 9). 

Between about 150 and 400 kc./s. it is the practice to tune the frame coil 
directly by a condenser, as in Fig. B, the frame coil usually having an equivalent 
inductance of about 100 mics. 

At higher medium frequencies from 400 to 600 kc./s., it is usually necessary 
to cut down the inductance of the loop by shunting it with an inductance of^ 
about 100 mics. 

In each of these cases, for anything other than rough searching in the stand-by 
position, the input should be applied to a push-pull amplifier, to give the necessary 
selectivity and symmetry. Especially at the higher frequencies, the reactance 
of the paths to earth via the valve electrodes becomes comparable with that of 
the vertical sides themselves, and the only solution is to equalise these capacities. 
A push-pull arrangement of valves readily lends itself to this purpose and a 
circuit suitable for medium frequencies is shown in Fig 10. For higher amplification, the triodes 
should be replaced by tetrodes. 





Fig. 9. 
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The reference to the search coil in Figs. 10 and 12 will be appreciated after paragraphs 12 
and 14. 

The “vertical “ lea^ are then via the capacities to earth of the grids of the two matched 
valves, and so are of very nearly equal impedance. As far as vertical effect is concerned, the 
instantaneous potential of the grids of the two valves are, therefore, always equal. The corre- 
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spending anode currents are also equal, and. flowing in opposite directions through the two halves 
of the output choke, give rise to zero resultant flux-linkage with the secondary. The loop 
of couise. produces a P.D. across the tuning condenser, and therefore causes anti-phase potential 
|)riations on the two grids, giving a resultant E.M.F- in the secondary. 

For frequencies above 700 kc./s. the frame is again treated as aperiodic, and is transformer 
coupled to a tuned circuit as shown in Fig. 11. The dotted line S indicates that there is an electro¬ 
static earth screen between the windings. This prevents capacity action between the two coils 
which might introduce a lack of symmetry, but does not prevent the magnetic flux due to current 
in the aerial coil from linking with the coupling coil. On these frequencies the superheterodyne 
method of reception is used, in order to be able satisfactorily to amplify frequencies up to 15.000 kc./s. 

TO frame 
OR 

3CARCH coil. 



Fig. 12 illustrates a heterodyne detector unit, and Fig. 13 [a) is its simple equivalent circuit. 

In Fig. 12 will be seen the special electrostatic screen fitted between the aerial coupling and the 
grid coupling coils. The magnetic coupling between these coils is usually arranged to be loose, so 
as to prevent the aerial circuit from causing excessive damping in the tuned grid circuit, should the 
aerial approach resonance at any frequency at which the model is being used. The ends of the grid 
coil are connected to the grid insulating condensers of two valves arranged in push-pull, which with 
the local heterodyne signal fed from the oscillator in the lower half of the diagram, functions as a 
beat rectifier. The anodes of the push-pull valves are connected through two R/F stopper resistances 
to a tuned anode circuit, resonant at a supersonic beat frequency of the order of 100 kc./s. The 
output is passed on to an amplifying stage the function of which may be considered to be similar to 
that of the intermediate frequency amplifier in a superheterodyne receiver. 

V The superheterod)me circuit is carefully screened and feeds through a small coupling condenser 
to the mid point of the grid coil; the general object of the design is to make the heterodyne circuit 
entirely independent of the signal frequency circuit which it is feeding, so that any alteration in the 
value of the tuning condenser will not affect the heterodyne circuit in any way. Since the filament 
circuits of the oscillator and push-pull combinations are common, it follows that the heterodyne 
input may be represented as in the simple equivalent circuit of Fig. 13 (a). 
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Fig. 13. 


To understand the mechanism of beat rectification employing a push-pull circuit, it is essential 
to realise that:— 

[а) The symmetry of such a system must be unbalanced by some means, since rectification 

always involves the action of an uiisymmetrical or “ one way device. 

(б) The valves must be operated as rectifiers. ■( 

An explanation of this circuit, in mathematical teims, is given in Section “ N " (19). In this 
instance it may be simply explained by considering the following special cases :— 

Case 1. (Input e^). only.- In Fig. 13, an oscillatory input will act differentially on A and B. 
Disregarding for the moment any grid current rectifying action, the instantaneous currents u and 
i'll will be in phase in XY and hence equivalent to one oscillatory current through the whole winding. 
Action in each half cycle is similar, and, accordingly, no rectification takes place. Due, however, 
to grid rectification at each grid, the mean anode current in each half of XY will be less than other¬ 
wise it would be. The combination will act as an ordinary push-pull amplifier. 

Case 2. (Input only ).—An oscillatory input applied in the position shown in Fig. 13 may^ 
be termed a “ jiarallcl " input. The grids at A and B will be operated always in phase, each being 
positive or negative at the same instant of time, and, accordingly, producing variations of anode 
current which are in anti-phase in XY and so produce flux changes which cancel out. 

Case 3. (Input f, and rj,—In this case we will first assume that c, and are both of the same 
frequency and amplitude. We further assume that is key controlled, that is to say, applied 
intermittently. Now if r, and are in phase at the grid of valve A, they will be in anti-phase at 
that of valve B. Moreover, if the amplitudes of each are equal, the effect at A is that of a signal 
of double the amplitude, while B continually experiences equal oscillatory voltages applied in anti¬ 
phase between grid and filament. In effect valve B is rendered inoperative, the system is 
unbalanced, and grid current rectification at A reduces the mean anode current for the period 
during which is applied. If e, and are in anti-phase at the grid of valve A, the action will 
simply be reversed ; valve A will be rendered inoperative instead of valve B. If has not the 
same amplitude as instead of rendering one valve or the other completely inoperative the effect 
will only be a partial one, and the decrease in mean anode current that represents rectification may 
not be as great. In place of grid current rectification one can substitute anode bend rectification 
with equal success. It is important to realise that, in some way, the two valves must be ^t to rectify, 
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for without this, even though one valve may be inoperative and the system unbalancedi no change 
in the value of the mean anode current will result. If and exactly in phase at either 

grid, or in anti-phase, it may still be possible to obtain a rectified oxitput but the amplitude will 

be as great. 

Case 4. (e^ and not of the same frequency, and e^ not key controlled ).—If the difference in 

frequency between and is not too great, the phase difference between the two inputs at either 
grid will be continually changing. The nett effect is that the oscillatory input between grid and 
filament of either valve will be of a “ beating " nature, and w'hen the input to A is a maximum that 
at B will be a minimum ; this must be so, since when and ^ are in phase at the grid of valve A, 
they are in anti-phase at that of valve B. 

It must be remembered that the mean current I,, flows through the coil OX in the direction 
X to 0 and the mean current 1. flows through the coil OY from Y to 0. The coils X and Y are 
wound in the same direction. Each of these currents produces a magnetic flux through the coil 
^>1 Lg and these fluxes are in opposite directions. Now it is chai from Fig. 13 (6) that whenever 
the mean cunent increases, the mean current decreases anu vice-versa, both of these currents 
varying at the beat frequency. Thus, whenever the magnetic flux through Lg due to the mean 
current Ia increases, that due to the mean current I, decreases and vke-versa. But since the main 
fluxes are in opposition the variations are additive, since an increase in flux in one diirction through 
a coil produces the same effect as a decrease in flux ii\ the opposite direclion. This is illustrated 
in the bottom graph of Fig. 13 (6) where the Iwo dottrel curves show the individual magnetic fluxes 
produced in Lg by the mean currents and I», whilst the full line curve shows the resultant flux 
obtained by geometrical addition. This shows that the resultant in Lg is a magnetic flux 
varying at the beat frequency. The total E.M.F. in Lg thereby produced, is twice that which 
would be produced by coils OX or OY acting alone. 

Finally, it will be observed the reaction condensers control the sensitivity of the receiver. In 
operating the outfit, care is taken not to increase reaction up to the point at which the circuit becomes 
^If-oscillatory. It will be noted that filter chokes and decoupling condensers are fitted to prevent 
coupling between the superheterodyne circuit and the R/F circuit through the common battery leads. 


11. Screened Coils.—Another method of reducing antenna action is to equalise the capacity 
to earth by surrounding the coil with a number of earthed conductors, which arc not allowed, 

however, to form closed conducting paths. I'hey may, for 
^- 1 ^ I-^ example, consist of a large number of vertical aerials immediately 

C r- ^ surrounding the coil; but a simpler solution in j>ractice is to 

enclose the windings of the coil in a metal tube, as sliown in 
\\ Fig. 14. Currents are prevented from ciiciilating round (he tube 
by the insulating segment shown at S, wliich is commonly made 
)/) of porcelain or ebohitc. The tube itself is earthed at the bottom 
//^ at its centre point. 

It is clear that comparatively small currents will flow up 
/// and down the screen ; for although the two vertical sides of the 

--— screen will certainly act as open aerials, they will be far from 

'-, I-^ resonance. At all but very high frequencies, the impedance of 

•*IH 4- each screen acting as an aerial will be very high, and the magnetic 

' fields of the vertical currents in the screen very small. They 

^ ^ really act as very inefficient vertical aerials. Thus the screen 

14. currents will have little effect on the total magnetic flux 

threading the circuit of the frame. This effect is entirely dejiendent 
.|Sn the segment S being a good insulator. If S is short-circuited, quite large currents will 
circulate round the screen and cancel the magnetic flux of the wave itself. 

By Faraday's Law, the total E.M.F. acting round a closed conducting circuit is equal to the 
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Fig. 14. 


rate of change of flux-linkage through the circuit. As the amount of flux is scarcely influenced by 
the earthed screen, the E.M.F. induced in the loop is practically the same as if there were no screen. 
However the matter is regarded, it is certain that the earthed tube is not a ipagnetlc screen. 
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The capacity between the sides of the loop and the earthed screen, hpwever, provides much 
the greater proportion of the total capacity of the sides to earth, by virtue of which they behave 
as vertical aerials, and the valve electrode capacities to earth carry very little or none of the vertical 
current. Since the screen is symmetrical about the sides, the points X and Y are at the saind; 
potential, in so far as their potentials are a result of vertical effect. 

It is common practice to use earthed screens for rotating coil direction finders, designed to 
work on the L/F and part of the M/F wave bands. Unscreened coils are usually used on the H/F 
band, since an earthed screen would tune at some particular frequency depending on its dimensions, 
and would then seriously reduce the efficiency of the aerial system. 

12. Crossed Loop Aerial or Bellini-Tosi Direction Finder. —Instead of rotating the 

aerial itself it is possible to use a system of fixed 
aerials with an instrument called a radio-gonio¬ 
meter in the office. This avoids the mechanical 
or electro-mechanical diflSculties which ar^ 
involved when it is necessary to rotate a 
loop aerial. When a direction finder is 
installed in a ship this is often a matter of 
considerable difficulty. The principle will first 
be illustrated by a special case. (A goniometer 
is an “ angle-measurer.'") 

Referring to Fig. 15, suppose P to be a 
loop in a vertical plane pointing East and West, 
and Q a loop pointing North and South. P 
is joined by leads as shown to a coil P^ inside 
the office. In Fig. 15, P and P^ are shown in 
the same plane for simplicity, but this is not 
necessary in practice. In a similar manner 
Q is joined to a coil Q^, which is mounted 
at right angles to the coil P^. The coil S, 
which is joined to the receiver, can be rotated 
and is coupled magnetically to P^ and Q^. 
Consider a wave coming from a direction due 
North (or due South). No E.M.F. is induced 
in the loop P, and therefore no current flows 
in P*; maximum E.M.F. is induced in Q, 
and a current flows in Q^. If now the coil 
S is rotated it has maximum E.M.F. induced 
in it, and maximum signals are obtained 
when it is parallel to Q^, t.e., at right angles 
to the magnetic field of Q^, and a zero is 
obtained when it is parallel to P^. Similarly, 
for a wave incident from due East (or due 
West), a zero is obtained when S is parallel 
to Q^. Again, suppose the wave to be inci¬ 
dent on a bearing of 045°. Equal E.M.Fs. are 
then induced in P and Q, giving rise to equal 
currents in P^ and Q^. Zero signal thus occurs 
when S is inclined equally to P^ and Q^. Finally, 
we see that for a wave on a bearing of 000°, the position of S for a zero is 0° from the coil P^; for a 
wave incident at 090° the position of S for a zero is 90° from P^ ; and similarly, for a wave incident 
at 045®, the position of S for a zero is 45° from P^. In fact, as the bearing of the wave changes, 
the direction of S for a zero changes by the same amount. This will be proved in the next paragraph 
for any angle of incidence of the wave. 
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'A'13. Mathematical Analysis. —^The general case will now be considered. The two loops P and Q may be 
set up in any two vertical planes at right angles to each other. In order that each of them, treated as a separate 
loop aerial, may have the same E.M.F. induced in it by a wave passing over it in its own plane, both loops must 
have the same area, since the E.M.F. is proportional to the area. (It will be seen below that this may not be the 
in practice, in order to correct certain errors that arise.) Suppose, now, that a wave whose electric field 
is ^ sin lu/ is incident on the system at an angle 0 with the plane of loop Q, and therefore at an angle (90°—0] 

Mdth the plane uf loop P (Fig. 16). 

From paragraph 2 the E.M.F, in Q is —-cos 6 cos tit, and 

c 

the E.M.F. in P is ^ cos (90 — 0) cos nt ~ ^ sin 0 cos (i)^ 

c c 

provided the widths of P and Q are small compared with the 
wavelength. The currents produced by these E.M.Fs, depend on 
the impedances of the two circuits, including their goniometer 
p coils. In practice untuned aerials are used, and their resistance 

— may be neglected, compared with their inductive reactance. If 

both circuits have the same inductance L currents proportional 
to the E.M.Fs. aud lagging 90“ in phase on the E.M.Fs. flow in 
the two goniometer windings and y*, the currents being given 

CiJr7 //'A. 

by cos 0 sin cof -- cos 0 sin ut in Q', and similarly 
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Fig. 16. 
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sin 6 sin w.' in P^. 



It may be noted in passing that these current amplitudes are 
independent of frequency. If the coils P^ and Q' are identical, 
except that they arc at right angles to each other, the fluxes 
produced by the currents bear the same proportion to the currents, 
and may therefore be wntten as ^ cos 0 sin hit through Q’ and 
^ sm 0 sin uit thniugli 1’^. They are therefore equivalent to a 
resultant flux ^ sin at at right angles to a plane making an angle 
0 with the plane of (Fig. 17). If, then, the plane of the search 
coil S is set at right angles to this plane, i.e., in the direction of 
the resultant flux, S will have no flux-linka.ge and no E.M.P\ will 
be produced. Thus zero signals are obtained when the plane of 
coil 5 makes the same angle 0 with the plaue of coil P^, as the 
direction of the incident wave makes with the plane of the loop 
y, and so the Ucllini-Tosi system enables the direction of a trans¬ 
mitter to be determined. 


An alternative statement of this result is that the xflane of the search coil in the position for zero signals makes 
the same angle with coil P^ as the magnetic field of the wave makes with the plane of the loop aerial P to which 
coil IS connected. 


It is interesting to note that the maximum E.M.F. in the search coil S (when coil S Ls at right angles to the 
^direction of the rc.sultant flux), is independent uf the direction of the incident wave, since the maximum flux is 
always ^ sin hit. 


14. Radio-goniometers. 

In order that the E.M.F. induced in S by mutual inductance with should be proportional 
to the cosine of the angle between and S, as was assumed above, the instantaneous density of flux 
produced by the current in P^ must be the same over the whole area of S ; and the same applies 
to and S. This is attained by winding the coils P^ and in two halves, as shown in Fig. 18, 
their distance apart being equal to their mean radius. The instantaneous field due to either coil 
then has an approximately constant value over the whole region in which the search coil S moves. 

Fig. 19 shows a radio-goniometer having a fixed search coil (5) and rotating field coils (1), (2) 
find (3) (4). The field coils are placed very accurately at right angles to each other and are rotated 
in the space enclosed by the search coil. The principle of action is clearly the same as that of the 
goniometer of Fig. 18. The search coil is formed of two identical windings, the accuracy of the 
instrument depending on the production of equal magnetic fields by equal currents in the two 
halves of the coil. Each field coil is split into two halves, the inner ends of each half being connected 
to earth via a spindle. The outer ends of each field coil are taken to slip rings on the spindle. The 
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In order to reduce antenna action with Bellini-Tosi aerials, it is usual to join the mid-points 
of the windings to earth.' This is well seen in Fig. 19. When the loops are not unduly large, 
screened tubes of the type shown for the rotating coil in Fig. 14 are frequently used for the same 
l^uipose. Where spare is available, it is best to use large loops and a single turn of wire; where 
space is restricted, loops or crossed frame coils with several turns may be employed, but it must 
be remembered that increasing the number of turns will not generally compensate for the reduction 
in size. For multi-turn coils used in a Bellini-Tosi system, four turns are usually found satisfactory, 
and little improvement is obtained by using a larger number. For best results the inductances 
of pi and Qi should be approximately equal to the inductances of the loops or coils. 

15, The Goniometer in a Ship. —On shore, Bellini-Tosi aerials will normally be set up in 
the North-South and East-West planes, and the goniometer arranged in any convenient position 
in the ofl&ce. A pointer is attached to the moving element, and passes over a scale graduated from 
P° to 360°, while the moving part turns through 360°. The pointer is adjusted so that it reads 
0° when zero signals are obtained with a wave known to be incident from due North. The true 
great circle bearing of any transmitter is then givcii directly by the pointer reading for the position 
of zero signals. In a ship, the aerials are normally placed with their planes in the fore and aft line, 
and athwartships. If the goniometer pointer is then adjusted so that it reads 0° in the zero signal 
position, with a wave known to be incident from light ahead, its readings in direction-finding 
determinations give bearings relative to the fore and aft line of the ship. 

A numerical illustration of this is given in Fig. 18 {b), which represents a plan of a Service radio¬ 
goniometer. The ship is supposed to be steaming on a course of 135°, and so the scale marking 135°, 
□n the motor-driven gyro scale, is opposite 0° on the fixed goniometer scale. Suppose that the 
transmitter whose direction is to he found, bears 210° fiom the sliip ; the magnetic compbnent of the 
wave is then in a direction 120°, making an angle of 15° with the fore and aft loop aerial. Hence the 
resultant flux in the goniometer makes an angle of 15° with the plane of the field coil connected to 
the fore and aft aerial (Fig. 17). 

Zero E.M.F. will then be produced in the search coil if it is placed as shown, its plane making 
an angle of 15° with the plane of the coil connected to the terminals FA. The D/F pointer, which 
is permanently fixed in the plane of the search coil (the angle halving device not being in use), then 
indicates green (or starboard) 75° on the relative bearing scale, and 210° on the gyro compass scale. 

The determination of a bearing, after all adjustments have been made, thus consists of the 
simple operation of rotating the search coil until zero signals are obtained in the telephones, and of 
reading off the bearing on the gyro compass scale of the D/F pointer, 2Icro signals would also be 
obtained if the search coil were rotated through 180° ; the pointer would then indicate 030°, the 
reciprocal of the correct bearing. The reciprocal should be taken as a check if time permits. 

For frequencies on which sensefinding is practicable, the determination of " sense," which 
^ eliminates the 180° ambiguity, may either precede or follow the determination of a bearing; in 
the Service, operators are trained to take the bearing first (cf. paragraph 35). 

16. The Fixed Crossed Frame Coil Direction Finder. —Normally Bellini-Tosi aerials as 
fitted in ships, consist of large loops. If the size of the loops is cut down, the signal strength on 
frequencies up to 600 kc./s. will suffer proportionally. On higher frequencies, quite small 
loops give satisfactory results up to about 15,000 kc./s., if attached to suitable circuits^ and 
suitably placed. The fixed crossed frame coil direction finder, P'ig. 20, is therefore to be 
regarded as an adaptation of the normal Bellini-Tosi system for use principally on higher fre¬ 
quencies. Its method of action is exactly the same. 

Much greater care is, however, required in the design of the component parts. The frames 
»^may consist of crossed loops of two turns of wire, each with an area of about 9 sq. ft. ITie planes 
of the loops must be set very accurately at right angles to each other. The tuning and pre¬ 
selector gear, which has already been described in paragraph 10, may be applied to the search 
coil. Owing, however, to the reduction in signal strength, a balanced stage of R/F amplification 
will usually be required before the beat rectfier describe in paragraph 10. The electric^ balance 
of the two aerial circuits must be very carefully adjusted. 
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Such small loops as these are highly inefficient at medium frequenceis, and their use necessitates 
1 PH. a specially designed radio-goniometer having a high 

y ^ coefficient of coupling between the search coil and 

Mia the field coils. 

^ m (a 17. Comparison between Rotating Coil and 

M v\ Bellini-Tosi Systems. —rotating coil and a 

m \ Bellini-Tosi system are electrically equivalent. 

jj vA WKen fitted on shore they give the same result, and 

/rv- m there is no question of one system being more 

accurate than the other. In a ship a difference in 
their performance is often found, but this can always 

■ yijj / be shown to be due to the fact that Bellini-Tosi 

■ Jul / aerials can, in general, be made larger than rotating 

■ /y / coils. With aerials giving equivalent signal*. 

■ jjn / strengths, in positions that are equally favourable, 

I r! there is no difference in performance provided the 

apparatus is well maintained. 

The rotating coil, provided it can be fitted 
V in a suitable position, has the merit of simplicity 

' from an electrical point of view. Bad contacts, 

or other defects, result in a loss of signal strength, 
20 possibly no bearing being obtained, but do 

not easily give rise to false bearings. Moreover, 
the coil can be tuned directly by a condenser in many cases, the full resonant voltage thus obtained 
being available for direct application to the amplifier. There is not the loss in signal strength which 
is produced in the Bellini-Tosi system by passing the signals across the mutual inductance link 
between the search coil and the field coils of the goniometer. For this reason it is necessary to make 
the Bellini-Tosi loops larger in area than the corresponding frame coil. To correspond with a 
rotating coil of circular section and of diameter 4 ft., it is necessary to have crossed Bellini-Tosi 
frames of .size about 7 ft. square, in order to have signals of equal strength. Wlien large loops offer 
no disadvantage, and in the case of D/F at higher frequencies using small fixed crossed frames, 
the Bellini-Tosi system has the merit that the only clement to be rotated is a light coil. For rapid 
working this is an advantage, particularly at H/F, when signals are fading. The disability of the 
system is the necessity for perfect electrical balance between two separate aerial circuits. This 
balance is at once destroyed by a bad contact in one circuit and a bearing up to 90° in error can 
result. Moreover, the balance progressively becomes more difficult to achieve as attempts are made 
to design direction-finders for work on higher frequencies. 


Fig. 20. 


18. Instrumental Design. —In all direction-finders it is essential that the whole of the energy 
received by the amplifier, reaches it through the aerials in a known and definite manner. For this 
reason, every part of the apparatus, including all tuners, amplifiers, batteries, &c., must be so well 
screened from the direct action of the wave that it does not pick up an E.M.F. capable of giving an 
appreciable signal, t.c., not more than \ per cent, of the signal picked up by the aerials. 

^Apart from those due to imperfect screening from the direct action of the wave, errors may 
sometimes be produced by undesirable couplings between instruments inside the office, or by unsuit¬ 
able circuit arrangements. Instrumental defects frequently have the characteristic that the E.M.F. 
due to them does not change appreciably as the frame or search coil is rotated. The result of this 
is that opposite minima are either not exactly 180° apart, or are of different quality, t.e., one is more 
blurred than the other. Whenever sjmiptoms of this kind are present, suspicion should be directed 
to 

(a) Pick-up by the receiver directly from the wave or from other aerials coining into the 

office; 

(b) Antenna action of the aerials; or 

(c) Defects in the circuits. 
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From this point of view it may be said that the rotating coil is less liable to instrumental errors 
than the ^Uini-Tosi system. 

With both systems it is necessary to ensure that Ihe circuit to which the rotating coil (or search 
'-ml) is connected, is symmetrical about the two ends of the coil. The higher the frequency the 
mbre essential is perfect symmetry. 

With Bellini-Tosi systems the two aerial systems should have identical electric constants, 
except in so far as they are deliberately altered to allow for the effect of local structures. The 
goniometer must be completely screened from all other instruments. To make certain that it is 
itself free from error, it is subjected to a number of tests before being issued for service. These 
tests ensure that when the winding which is joined to the fore and aft aerial is alone is use, two 
zeros are obtained at 0° and 180°, and that when the other winding is alone in use the zeros are 
exactly at 90° and 270^ The accuracy of the instrument at intermediate points is ensured by a 
proper choice of dimensions for the search coil. 

Sometimes signals are so weak, or the bearing so ill defined, lliat it is not possible to read the 
pbsition of the "zero"' directly on the scale. Recourse ma}. then he had to an angle-dividing 
device which may be fitted to goniometers and tiainiiig units. Some practice is needed to attain 
proficiency in judging the two positions in which the signal is of equal intensity, especially if inter- 
feience is present; for the interference will probablj^ not be of Ihe same strength loi two positions 
of the coil equally inclined to the direction of the signal whose bearing is required. The angle 
divider is intended to reduce computatifm, and it should be remembered lliat W'hen a cam corrector 
is also fitted, the reading of the cam pointer will give a corrected true bearing without further 
trouble- 

19. Determination of Sense.—The ambiguity of the bearing obtained by the direction 
finders described above has already been indicated. For any direction of the incident wave, zero 
signals are found in two positions 180° apart, using either a rotating coil or the search coil of a 
fixed loop system, and corre.spond respectively to the beaiiiig of the transmitter and its reciprocal 
bearing. It is therefoie necessary to devise some means of dcteiminiiig which of the two pointer 
readings is the correct one. Instniments for this purpose aie called “ sensefindtTs." The usual 
principle on which they operate is as follows ; accoiding as the transmitter lies on a certain bearing 
or its reciprocal, the loop E.M F., when the plane of the loop is in the direction of propagation, will 
have the same amplitude, but will be altered in phase by 180°. If at any instant it was directed 
clockwise round the loop for the one bearing, tlien for a transmitter on llie reciprocal bearing it 
would be counter-clockwise round the loop at the same instant. This, liowever, does not apply 
to the E.M.F. in a vertical aerial, the amplitude and phase of which are unaffected by the directicjn 
of the transmitter. 

Suppose, therefore, that in addition to the rotating coil we have an open aerial which can be 
coupled to the receiver. The wave induces an E.M.F. in this aerial at the same moment as an E.M.F. 
|is induced in the loop, but the E M.F. which is induced in the open aerial does not vary with the 
direction of the wave. The E.M.F. induced in the loop is a maximum when the loop is in the direction 
of propagation of the wave, and changes sign when the coil is rotated through 180°. Therefore, if 
these two E.M.Fs., one from the loop and one from the aerial, can be made to act on the receiver at 
the same time, it will be seen that for one position of the coil, viz., when it is pointing towards the 
transmitting station, the twoE.M.Fs. will reinforce each other, but that the two E.M.Fs. will be opposed 
when the coil is rotated through 180° from this position. If, now, we make the two E.M.Fs. equal 
in magnitude, they will cancel each other when opposed, and a zero will be obtained. In the 
position of the coil 180° from this there will be a maximum due to the combined effect of the two 
E.M-Fs. assisting each other. When the coil is at right angles to the direction of the wave, the 
E.M.F. from the open aerial will still be operative, so that, instead of a zero, the signal will continue 
io be heard. In fact, there is only one position for a zero during a rotation of the coil through 360^. 
Fig. 21 explains this matter in further detail. Assume the loop to be set to the position of maximum 
instantaneous E.M.F. and that this is numerically equal to two millivolts. Fig. 21 [a) shows this 
at an instant of time. If another two millivolts is injected " in the same direction at this instant, 
the maximum voltage becomes four millivolts. Both the injected and the loop E.M.Fs. undergo 
their sinusoidal variations, vaiying from 0-4 millivolts, but always remaining in phase. Fig. 21 (i) 
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shows the loop on the opposite bearing, with the injected and loop E.M.Fs. in phase opposition. As 
they undergo their sinusoidal variations they will always remain in opposition and so cancel each 
other. At any angle 0, the loop E.M.F. can still instantaneously be in phase with the injected 
E.M.F., though numerically it will be smaller, and for 0=90° the loop E.M.F. is zero. WhenJ0 
becomes greater than 90° the loop E M.F. again grows in value but is in anti-phase to the injected 
E.M.F. and the numerical value of the maximum E.M.F. accordingly decreases. Everywhere in 
the second and third quadrants the loop E.M.F. is instantaneously in anti-phase to the injected 
E.M.F., and if their magnitudes are equal, a perfect zero will be formed when 0=180°. 

In order that the amplitudes of the vertical and loop E.M.Fs. may be added or subtracted in 
this manner, these E.M.Fs. must either be in phase or 180° out of phase. But it has been pointed 
out in paragraph 3, that the loop E.M.F. is 90° out of phase with the vertical E.M.F. The actual 
effects required to be additive or subtractive are not the E.M.Fs. themselves, but the P.D.'s they 
produce across the first stage of the amplifier. Hence, in order that sensefinding may be possible, 
an alteration in phase by 90° of one effect relative to the other must be brought about. 
Methods of accomplishing this are explained below. If we assume for the moment that it hfes 
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been successfully achieved, the variation of resultant input P.D. to the amplifier, due to both 
E.M.Fs. as the coil is rotated, may be obtained graphically, as in Fig. 21 (c). 

The P.D. due to the loop E M.F. is represented by the figure of eight diagram (para. 3), and that^ 
due to the vertical aerial by a circle. The amplitude of the vertied P.D. is adjusted to equality 
with the maximum P.D. produced by the loop E.M.F. In other words, the radius of the verticJ 
aerial circle is equal to the diameter of either circle of the loop figure of eight diagram. In the right- 
hand circle of the loop polar diagram of reception, the P.D. is supposed to be in phase with the 
vertical P.D., and to be 180° out of phase in the left-hand circle. Radii vectors to the right of YY^ 
are therefore added, and the difference is taken of those to the left. Thus the variation of the 
resultant P.D. with the direction of the loop is represented by the heart-shaped curve, which is 
called a ** cardioid.” It will be seen that this curve has only one zero value, and so there is only 
one orientation of the rotating coil in which zero signals are obtained. It is therefore possible to 
distinguish between the correct bearing and its reciprocal. The zero will be either in the direction 
of the transmitter or its reciprocal direction, according to the phases of the two circles of the figure 
of eight diagram, compared with the phase of the vertical aerial circle. This can be determined for 
a known bearing, and the pointer set accordingly. It will then give the correct reading for any 
bearing of a transmitter. 

It will be seen that the zero of the cardioid is at 90° from either of the zeros obtained with the 
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frame coil alone. Provided that the cardioid is perfect in shape, there is no reason why it should 
not be used directly for taking bearings without ambiguity. But in practice, and particularly in a 
sWp, it is found to be very difficult to obtain a cardioia sufficiently perfect to give accurate bearings 
inwall cases. Another disadvantage is that the change is signal strength as the coil is rotated in the 
neighbourhood of the cardioid zero, is much less than the corresponding change on the figure of eight 
diagram. It is therefore usual to take the accurate bearing using the figure of eight characteristic, 
and,to switch in a separate aerial to give a cardioid for the purpose of determining ‘‘sense.'* 
As the zero of the cardioid is 90“ from either zero of the figure of eight, a separate pointer [c.g., the 
sense arrow S.A. in Fig 18 (6)] might be fitted for sense determination. In practice, the operator 
first obtains the direction with extreme accuracy in the D/F position. He then switches in the 
sensefinder. It is usual to arrange that if signals DECREASE in strength when the rotating coil 
or goniometer is turned in a CLOCKWISE direction, the miiuinum on which the pointer rested 
indicates the true bearing of the station. If the signals INCREASE, the reciprocal bearing of the 
".nation is indicated. Clearly, this is only a convenient rule foi rapid operation, and reversal of the 
electrical connections will reverse the rule. There i.s, however, a further point that whereas one 
may fairly easily obtain an increase in signal strength, it is not so easy to obtain a decrease in it 
unless the sensefinder is w'orking satisfactorily—a matter of considerable impojtance. 

If the E.M.F. at the amplifier due to the vertical nerial is not exactly equal to that due to the 
lotating coil, the cardioid is distorted. 

The resultant polar diagrams of reception for the cases when the vertical aeri.Ll E.M.F. is less 
and greater than the loop E.M.F. are shown in Fig. 22 [a) and (6) respectively. In Fig. 22 (a), two 
zeros are obtained at equal angles from the correct direction of the transmitter, the size of the angles 
depending on the ratio of the E.M.Fs. In Fig. 22 (6), a minimum of sound is obtained, instead of a 


0 so'* 



zero in the correct position. When the direction of the transmitter has previously been obtained 
and only its sense is required, these, diagrams show that, provided the inequality of loop and vertical 
E.M.Fs. is small, there is suJfficient difference between the maximum signal and the signal on the 
reciprocal bearing to allow of sense determination. 

y" Mathematical Note.—It should be observed that, plotted in polar co-ordinates, the result El cos 0 

produces one circle and not two. The figure of eight diagram is, m fact, only a convenient representat ion of t he 
two quantities, “ phase " and " magnitude.*' The figure of eight diagram is the polar graph of cos*^'. 

Further, the polar graphs given by r^ » b and r^ = a cos 0, where a and b arc constants, are both circles, 
the pole being the only difference. The graph is tliat of Fig. 21 (c) without the left-hand circle of the figure of 
eight diagram. If these two graphs represent the vertical aerial E.M.F. and the loop E.M.F'. respectively, then 
their sum is given by 


K a cos 0 + 
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In the general case when a and b are unequad, a lima^on " results. When a is greater than b. Fig. 22 (a) 
resultSi but the small loop along the 180° line should be turned through 1B0° so as to be along the 0° direction. 
It follows, therefore, that this figure as drawn is also a convenient representation of the quantities, phase and 
magnitude, as in the case of Fig. 3, 

When a^b, the lima^on becomes a cardioid with a perfect zero. 

When a is less than b, the lima^on of Fig. 22 (&) results. 


21. Senseflnder Design. —The problem of sensefinder design therefore reduces to:— 

(a) Producing a change in phase of 90° in the effect of the vertical aerial E.M.F. relative 
to that of the loop E.M.F. 

(ft) Adjusting the effects to equality in magnitude. 

One form of sensefinder is shown in Fig. 23. The vertical aerial is tunc^ oy the inductarr]^" 
L^. The current in is therefore in phase with the E.M.F. produced by the wave in the vertical 
aerial, and so in phase with the wave it.self. is mutually coupled to the inductances Lg in the 
loop circuit. The E.M.F. induced into from lags or leads by 90° on the current in L^, and is 
therefore 90° out of phase with the incident wave. Hence it is either in phase or in anti-phase with 
the loop E.M.F. produced by the wave, and the two effects can be added. The value of the mutually- 
induced E.M.F. is made equal to that of the loop E.M.F. by adjusting the mutual coupling. 

In Fig. 23 an aerial is shown combined with a rotating frame coil, but the same result may 
equally well be obtained when using Bellini-Tosi aerials by connecting the search coil of a goniometer 
in place of the rotating coil. 


^22. Mathematical Analysis. —The operation of the sensefinder circuit of Fig. 23 may be more directly 
analysed as follows. 

Suppose sin loi to be the electric held of the wave incident 
at an angle 0 from tiue North. If the plane of the loop is set at 
an angle ot from true North, the angle between the loop and the 
direction of propagation is (0—tx) and the loop E.M.F. is 

- 2 - COS (0 — 7.) CDS bit 

(paragraph 2). 

The E.M.l'. in the open aerial iS;.;^ h sin ut, where h is its effective 
height. Since the aerial is tuned, the current flowing in it is 

elf h sin Cl)/ 

- — -' where R is its total resistance. If the mutual inductance 

between and L| is M, the E.M.F. induced into Lj is therefore 
ii)Mf cos (lit. 

- ^ - The total E.M.F. round the loop is therefore 

-cos (0 — tt) cos ti)/ +- 

c 



R 


=, ~ (0 - “) H- 


cos Cl)/, 


Fic). 23. 


and is of the form (a cos 0 cos tat (paragraph 20). 

If M IS now adjusted so that —-- = —, the total loop 
A 


E.M.F. becomes 


[cos (0 — a) -H 1] cos ii)/. 


This expression shows how the signal strength varies for different values of oi. Between 0“ and 360® it has. 
only one zero value, viz., when cos (0 — a) = — 1 or a = 0 ^ 180“. For the v^alue of k 180“ different from 

0, the signal strengtli is a maximum, the amplitude of the E.M.F. being 2€i)<^A/c: (since cos 
(0 a] as 1). The horizontal polar diagram obtained by plotting total loop E.M.F. against oe is, of course, 
a cardioid. 
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23. A Service Sense Finder. —A sensefinder wliich avoids the necessity of tuning a circuit 
to resonance, is shown in Fig. 24. In this arrangement use is made of the properties of a valve 
t£ give a current in the anode circuit which is in phase with the voltage applied between grid and 

The vaiiable condenser of maximum 
value about 0*2 jar, is chosen so that its 
reactance will be small compared with 
the grid-filament resistance, over the 
range of frequencies for w^hich the sense- 
finder is employed. This variable con¬ 
denser may be termed the “ sense aerial 
coupling condenser, " and since it also 
control the input between grid and 
filament, it may be regarded as being 
something like a “ volume control."' The 
grid filament resistance is of the order of 
2 niegnhius. Under these conditions the 
current in the veilical aerial is approxi¬ 
mately in phase with the field of the wave. 
The grid filament input being in phase 
with the current is therefore approximately 
in phase with the fn Id of the wave. The 
anode current is practically in phase with 
the grid voltage and the induced 

into Lj will be 90^ out of ])hase with the 
cunrnt flowing in L^, and accordingly it 
4 vill be SO'’ out of phase with the field of the wave. It is therefore in phase or in anti-phase with the 
loop E.M.F , and a cardioicl diagram of reception can be obtained by suitably adjusting the variable 
condenser. The circuit has the advantage that the correct jihase relation is maintained over a 
wide range of frequencies without the trouble of adjusting a tuned circuit. 

Sense finding becomes progressively more difficult as tlic frequency is raised, and, in general, 
it may be said to be satisfactory only up to about 600 kc./s. 

Sometimes the separate aerial can be dispensed with by making use of the antenna action of 
the loops themselves. Tliis is most easily arranged with the large aerials used in Eellini-Tosi 
systems. In the sense "' position, the electrical mid-points of the field coils of the goniometer 
are joined to earth through a circuit coupled to the receiver, so as to give a voltage in the correct 
phase. It can then be arranged that the loops act at the same time in two distinct ways, first as 
Moops with circulating currents flowing round them, and secondly as vertical aerial.s giving antenna 
currents down the lead to earth. Sense finders working on this principle are much more complicated 
in action and design than the simple sense finder described above, and no account of these more 
complicated instruments will be given here. 

24. Errors in Direction Finding. —The errors common to all systems of D/F may be broadly 
classified into :— 

(a) Errors which have been accumulated during the passage of the wave. 

(&) Errors due to the site of the direction finder. 

(c) Instrumental errors. 

it is proposed to consider the first two classes in some detail, using the following subdivisional 
headings :— 

(a) Errors due to ih^ wave. —^These include : (i) night effect; (ii) ionvergency correction ; 
and (iii) shore effect. 

(&) Errors due to the gear being fitted in a ship. —These include : (i) quadrantal error ; and 
(ii) semi-circular error. 

The effect and causes of these errors will now be considered in the above order, 
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25. Night Effect. —^The theory of determining the direction of a transmitter by the methods 
described above, has been based on the assumption that the wave is propagated in a direction 
parallel to the earth’s surface, with its electric field vertical and its magnetic field horizontal. Th^ 
is approximately the case for the direct or ground radiation from a transmitter, but is not so where 
reception is either partly or wholly due to the indirect radiation, which has travelled up to the 
ionised parts of the atmosphere and has been bent round so that it returns to earth at some distance 
from the transmitter. The effect of such radiation on direction finding apparatus will now be 
considered. 

Suppose that the plane of the loop is set at right angles to the vertical plane in which the wave 
is supposed to be travelling. If the wave were propagated horizontally, no resultant E.M.F. would 
act round the loop in this position, and zero signals would be obtained. If, however, the direction 
of the wave is inclined to the horizontal, rases may arise in which a signal will be heard. One 
such case may be due to the fact that the plane of polarisation of the wave has been rotated in its 
passage through the ionosphere. The electric field is then no longer in the vertical plane of travd 
of the Wave, tliat is to say, the vertical plane through transmitter and receiver. This is shown in 
Fig. 25 where XOZ is the plane of travel, and is shown making an angle with that plane. It is 
obvious that can be resolved into two components OX in the plane of travel, and at right angles 
to the direction of propagation, and OY horizontal and at right angles to OX in the plane perpen¬ 
dicular to the direction of propagation. Suppose, now, that the wave is incident at an angle to 
the horizon, as in Fig. 26. 


X 




Fig. 25 


Fig. 26. 


llie direction of OY is unaltered, and OX, although no longer vertical, is still in the vertical 
plane of travel. OX therefore produces equal E.M.Fs. in the vertical sides of the loop and no E.M.Fs. 
along the horizontal sides, and so gives no resultant loop E.M.F. OY produces no E.M.Fs. along 
the vertical sides, since it is horizontal. It will, however, produce E.M.Fs. along the horizontal 
.sides, and, since it reaches the top of the loop before the bottom, these E.M.Fs. though equal in 
amplitude if the loop is symmetrical, differ in phase, and so give rise to a resultant E.M.F. round the 
loop. The loop, in fact, behaves towards the field OY as a loop pointing to the transmitter would 
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behave to OX when the wave is travelling hoiizontaJly. Thus a signal is heard in the position of 

loop where a zero should be obtained, and an error is introduced into the determination of 
aftfection. 

It should be noted that the inclined direction of travel of the wave does not in itself give rise 
to this particular error, provided the electric field remains in the plane of travel. The error arises 
when this field has a horizontal component not in the plane of travel. More complex changes in 
the nature of the wave, such as circular polarisation, will also produce cnrjis in direction deter¬ 
minations. For simplicity, the ray reflected from the earth's surface at the loop has been neglected 
in the above discussion, but, obviously, its contribution to the loop E.M.F. should also be taken into 
account. 

Near a transmitting station the indirect ray is weak or non-«‘xistent on all frcqiiencio.s, and good 
bearings can then be obtained. On low and medium frequencies the indirect ray is relatively weak 
uliring daylight hours for transmissions over sea up to 100 miles and sometimes further. Good 
bearings are then possible, with an accuracy of ±2°. At night the indirect ray becomes important, 
though relatively less important over sea than over land, because the diiirt lay is h's.s attenuated 
over sea, and therefore forms a larger peicentage of the whole signal receive d. At night the reliable 
range is reduced to about 25 miles. 

It is the ratio of the intensity of the indirect to the direct ray in the total received signal, which 
determines the liability to error of loop direction finders. Since this is greater at night for the u.sucU 
D/F frequencies and distances, such errors are then most common and of largest amount, whence 
the name “ night effect " given to this phenomenon. It is often found that this effect is at its 
worst within an hour either side of sunrise and sunset, when the changes in the state of ionisation of 
the upper atmosphere are particularly violent. Reliable bearings can seldom be taken at these 
timps. As it is impossible for any correction to be applied fur this error, it is essential that the 
risk of its presence should be understood. It is usually shown by an abnormal value of the semi- 
ji^rcular corrector (para. 34). The value of the error may be as much as 30*^. 

Where communication is maintained by using high frequencies, the indirect ray will probably 
predominate throughout the whole day. The possibility of “night effect " always exists, and the 
term is a misnomer. It has been shown that night effect errors are clue to the voltages induced 
in the horizontal parts of the loop. The Adcock direction finder, to be described later, aims at 
reducing these errors by removing the top horizontal sides of the loop, and by screening the lower 
horizontal leads to the receiver, so that no E.M.F. can possibly be induced in either by an incident 
wave, no matter what may be its state of polarisation. Such a direction finder could therefore be 
used on high frequencies. 

'* Night effect " is also observed when signals are received from an aircraft radiating with a 
trailing aerial. The waves arrive on the D/F loop in a polarised condition and in a downcoming 
^direction, and give rise to the effect usually known as aeroplane error. 

26. Aeroplane Error. —When an aircraft is transmitting on a trailing aerial, an error arises 
which is serious at short ranges. The error is due to the fact that the bearing of the machine, taken 
by a frame aerial, actually indicates the direction of the point where the line of trail of the aerial, 
if projected, would meet the ground. 

Thus, the error is dependent on :— 

(а) The height of the aircraft. 

(б) Its direction of flight, 

[c) Distance. 

(d) Trailing angle of aerial. 

In connection with (6) the error will be greatest when the line of flight is at rijrht angles to the 
great circle connecting the D/F station and the aircraft, and zero when the direction of the flight is 
on this great circle, either to or from the station. It is also interesting to note that if the altitude 
of the aircraft is such that the production of the line of the trailing aerial meets the ground at^the 
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position of the receiver, no signals will be heard : this can only occur when the aeroplane is proceeding 
Meetly away from the ship and is instantaneously at the requisite position. j 

As an example, assuming an effective trail angle of 30°, an altitude of 10,000 ft., and a course 
at right angles to the line joining aircraft and receiver, the error in position would be 3 J miles behind 
the aeroplane, and, at a distance of 10 miles, the error in bearing would be 20° (approx .)—See Fig. 27. 

The error is due to the same cause as night effect and may be explained as follows with reference 
to Fig. 26. 

The vertically polarised field will produce no resultant E.M.F. in the vertical sides of the loop. 
Ihe horizontally polarised field will, by virtue of its angle of descent, produce a component in the 
horizontal sides of the loop. 

In order, therefore, to obtain zero signals, the loop must be orientated so that there is the 
same phase difference between the. vertical sides, due to direction, as there is in the horizontal sides 
due to the downcoming horizontally polarised component of the radiation. The two E.M.Fs., if 
the loop is correctly turned, will cancel out, but the direction indicated will be in error. 


DlRCCTIQN OF FLIGHT 
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Fig. 27. 


Given constant height and speed for any particular aerial, the error can be expressed as distance 
behind the aircraft per 1,000 ft. of height, an amount which always can be allowed for, irrespiective 
of the course flown. 

Fig. 27 (a) shows the error which the orientation of the D/F loop produces. ) 

Fig. 27 (5) is a projection in the vertical plane, p is the angle of elevation of the aircraft, and 
is the angle of trail of the aerial. 

Fig. 27 (c) is a projection on the horizontal plane. 

is the course flown with respect to the great circle containing the aeroplane and the loop. 

0| is the orientation of the loop with respect to the same great circle. 

The effect of the error will be of importance when a D/F bearing is used for " homing " an 
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aircraft. In this case successive alterations of course to the reciprocal of successive D/F bearings 
will bring the aircraft to a bearing on which the error Is practically zero. D T bearings are signallra 
'|l “ sense determined " or “ not sen.se determined,” and in the case of the latter, aircraft must turn 
ahd fly at right angles to the signalled bearing for long enough to ascertain which way the bearing 
IS “drawing” This will resolve any ambiguity of "sense," or detect any erior in the signalled 
" sense." 

The errors due to wind, drift of aerial, irregularities of terrain and eailh cmvature have not 
been considered, but there is reason to believe that their effect is small. 


^27 Mathematical Analysis. -By equating the E M Fs developed m tlie horizoutdl and vertical sides 
□f the loop, ’t has been found that, when zeio signals are reachLfl, 
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Therefore, the apparent position of the aircraft is that of the point at which the line of trail of the aerial will meet 
the ground. 

28. Convergency Correction.—The direction finder measures the great circle bearing of the 
received signals. If it is desired to plot the bearing of the transmitter on a Mercator's chart, it 
will be necessary to apply a correction allowing for the difference between the great circle and 
mercatorial bearings. This correction is capable of mathematical computation from the formula 

^ d long X sin Mid. lat. 
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This correction is equal to half the convergency of the two meridians of longitude passing through 
the transmitter and the receiver. “ Convergency is defined as being the difference between the 
angles which the great circle passing through the transmitter and the receiver makes with thei^^ 
respective meridians. 

The correction is given in tabular form in various publications, or it may be quickly determined 
with the help of a nomogram (a calculating graph). It is therefore clear that this is to be regarded 
not as a deviation or D/F error, but as a correction which needs to be applied for certain purposes. 
In general, for short distances from the transmitting station the correction is small. 

This subject is more fully explained in text books on Navigation. 

29. Coastal Deviation, or Shore Effect. —^Wireless waves, being electromagnetic in character, 
are bent or refracted from their normal path when they pass from one medium to another. A 
small difference in the conductivity of the surface over which the wave is propagated, a change ijt 
the value of the dielectric constant of the medium, or even a difference in the state of the tide, is 
sufficient to constitute a change of medium, and to give rise to refraction effects. The velocity of 
a wireless wave over sea water may be up to 5 per cent, greater than its velocity over land. 
If a wave crosses the coast line at an angle of 20° or less, its direction of travel is appreciably 



Fig. 28. 


altered and the bearing of the wave is no longer the bearing of the transmitter (Fig. 28 (a)). The 
effect is particularly pronounced when either station is near the coast, especially if high land inter¬ 
venes. As in the case of light rays, the direction of bending is always towards the normal, in the 
case of waves travelling from one medium to another in which the velocity of propagation is 
smaller. Reference should always be made to a chart to ascertain whether this cause of error is' 
likely to be present. By analogy with the dispersion of light, the effect would be expected to vary 
with the frequency of the wave. This is found to be the case for frequencies above 150 kc./s., but 
below this frequency the refraction appears to be almost independent of the frequency. 

In addition to D/F errors produced by refraction effects, incorrect bearings are also frequently 
obtained under conditions that suggest that reflection may sometimes be a contributory cause 
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Qiute lai]g;e and otherwise unaccountable errors sometimes are produced when there is land in the 
neighbourhood of a ship, from which other rays from a transmitter could be reflected (Fig. 28 (b) ). 

$. Reflection of E.M. waves almost always is accompanied by an alteration in the plane of 
polarisation, and the resultant signal at the ship is a complex mixture of direct and reflected ra3rs 
differing in phase and plane of polarisation. The result is a false bearing, which may sometimes be 
as great as 7“ in error. The error is usually big when the base line TR subtends a large angle at the 
reflecting land mass. It is an error which depends upon the position of the ship, tire frequency in 
use, and the relative bearing of the transmitting station. Unreliable bearings are also sometimes 
found when there is high land at the back of a shore transmitting station. 

It is important to be aware of the possibility of errors of this kind when undertaking the 
calibration of ship D/F outfits. 

30. Errors Due to the Ship.—The pcrfonnance of a direction finder in a ship is found to 
depend very much upon the position in which it is erected. A diiection finder which gives good 
results when placed in a clear position aloft may, on transference to the upper dock, be found to 
give very poorly defined zeros and large errors. Moreover, a great deal dei>ends on the frequency. 
A position for a direction finder which may be quite satisfactory on medium frequencies, is found 
to bo unsatisfactory for high frequencies. On the oiIilt hand, if a position can be found which is 

satisfactory for high frequencies, then an excellent 
performance is obtained on medium ones. 

In order to examine the matter in greater 
detail, consider a plane wave which strikes a ship 
from a direction making an angle oc with the fore 
and aft line (Fig. 29). Alternating currents are 
induced in the hull of the ship, in the metal work 
of the superstructure, and in all aerials and other 
conductors. At a point Z, where we may imagine 
a direction finder to be situated, each of these 
curnmts produces a subsidiary inductive magnetic 
field which links with the direction finder and may 
produce error in its determinations. These fields 
will, in general, be different in magnitude, direction 
and phase, but they can in any case be resolved 
into two fielrls, one in time phase with the field of 
the wave, and the other in quadrature—90° out 
of time phase—with the field of the wave. If the 
alternating magnetic field of the wave is repre¬ 
sented by JF sin ad, the magnetic forces acting at the point Z can therefore be reduced to— 

(i) a component X sin ad due directly to the wave and directed at right angles to the 

direction of propagation ; 

(ii) a component R sin tit ; and 

(iii) a component Q cos ad. 

In the most general cose, R and Q may be at any angle to the fore and aft line, but in practice, 
especially on medium frequencies, R and Q ar& found to be approximately athwartships. 
The two fields R and H can be combined to form a resultant P at an angle 5 from the 
direction of The angle S is the deviation due to the metal work of the ship. Tlie effect of the 
quadrature force Q is to blur the readings more or less (para. 32). In a good position for a direction 
finder both Q and R will be a small percentage of H. In other words, the field due to the ship 
will be small compared with the field due directly to the wave. If this is not the ca5e it is difficult 
to correct for the effect of the ship and good direction finding is impossible. 
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31. Ship Field in Phase with the Wave Field. —^This is the held R sin To a first 
approximation, this effect of the ship on a direction finder may be considered to be due to the action 
of a large fore and aft loop, the plane of which is vertical and includes the fore and aft line of tl^ 
ship. 

Such a loop has no current induced in it by a wave incident athwartships and is then without 
influence on the direction finder. For a wave incident from right ahead, a maximum current is 
induced in the loop. The subsidiary field due to this current is athwartships and therefore does not 
link with the direction finder when the latter is on the minimum, so that, once again, the loop 
produces no apparent deviation of the wave. When, however, the wave is incident on either 
quarter or bow, the loop has a current induced in it that produces an athwartships field which 
combines with the direct field of the wave, so that the measured bearing differs from the true bearing 
by the angle of deviation “ S.'’ A “ zero " will be obtained when the plane of the loop is set in the 
plane of P, and the signal will appear to be arriving from a direction nearer to the fore an4 

aft direction than is actually the case. The deviation is a maximum 
for X = 45”, 135”, 225° and 315°, changing sign every 90°—Fig. 30. A 
deviation of this type is termed “ Quadrantal ” and methods of 
correcting for it have been employed since the earliest days of direction 
finding in ships. 

This simple case is found in practice to hold fairly well for medium 
frequencies when direction finders are fitted on the centre line of a sym¬ 
metrically built ship, but on higher frequencies and for direction finders 
unfavourably situated or far from the centre line, it is found that the deviation 
does not follow this simple type and can only be determined by actual trial. 
Nevertheless, when the curve of deviation has once been determined, it is 
possible to apply the requisite correction to an observed D/F bearing and 
obtain the true direction of arrival of the wave. Mcclianical devices for 
applying this correction automatically have been invented and usually 
consist of specially made cams. These cams can only be constructed after 
calibration and usually only hold good over a limited frequency band. They 
are often used in conjunction with electrical correctors, the latter eliminating 
the main quadrantal component while the cam corrector takes care of the 
residual and irregular error. 

32. Ship Field 90° Out of Phase with the Wave Field.—This is the 
field Q cos (lit. To a first approximation it can be considered to be due to 
the vertical conductors in a ship acting as open aerials. All of the vertical 
metal of a ship may be considered to be replaced by a number of similar 
vertical aerials spaced along the fore and aft line, their length being small in 
comparison with X/4 and the spacing being some small fraction of X. 

Since all of the aerials in this “ array " are being operated below their 
resonant frequency, the aerial currents and hence the re-radiated inductive 
magnetic fields will all be approximately 90° out of phase with the field of 
the wave. Moicover, such an array of miniature transmitting aerials, all 
operating in phase, will be markedly directional, the re-radiated field being 
relatively most intense in an athwartships direction, at right angles to the 
line of the array. {Cf. Section on Aerial Arrays.) Since, in general, thip 
field differs in direction and phase from the field of the wave, the two cannot be combined to 
give a resultant alternating field in any particular direction. The resultant fields turns 
through every direction from 0° to 360° in one cycle of the components, and so is known as a 
rotating field. 

This effect is most simply understood when the fields are supposed to be at right angles 
to each other in space, as shown in Fig. 31. Suppose that time is reckoned from the instant 
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when J(? sin ci>^ has its maximum value The value of Q cos is then zero, and so the 

resultant field is OJP. A quarter of a period 
later, JfC sin Ld is zero and Q cos has its 
maximum value Q. The resultant field is therefore 
of value OQ in the direction of Q cos After 
another quarter of a period, Q cos is again zero, 
and JfC sin has its maximum value in the opposite 
direction, giving the resultant Three-quarters 

of a period from the initial moment, sin tit is zero 
and y cos tit has a maximum negative value. Hence, 
the resultant is OQ'. At the end of one period the 
resultant returns to its initial value. At inter¬ 
mediate times the resultant field is the sum of the 
instantaneous values of the two components, neither 
of which is zero, and so is in a direction inter¬ 
mediate between the directions of the components. 

It is shown for ^.n instant in the first quarter 
period by OR. The ends R of all the instantaneous resultant fields during one cycle form the curve 
shown in the figure, which is called an ellipse. The resultant field represented by tlie Vector OR 
sweeps out the area of this ellipse during one cycle of values ol the components, and is called an 
elliptical rotating field. When J?* sin tit and Q cos uit arc not at right angles, their resultant is still 
an elliptical rotating field, and this is also the case if the effect of P sin tiii is taken into account. 



ELLIPTICAL ROTATING FIELD 
Fig. 91. 


It is obvious that when such a field is present, there is no position of a rotating loop in which a 
zero signal can be obtained. The effect of the field Q cos is to blur the zeros and render it difficult 
to obtain precise readings. 

It is always desirable so to situate a direction finder that the ratio QjJV is small. Wliere this 
cannot be done, some method of neutralising the effect of Q is advantageou.s. An open aerial is 
usually employed. If this is far from resonance, the current induced in it is in phase with Q cos tit 
and can be used to neutralise the blurring—para. 34. An open aerial used for this purpose should 
itself be as far as possible from the metal work of the ship ; otherwise the aerial is itself appreciably 
influenced by re-radiation and it is found impossible to keep the current in it sufficiently closely in 
phase with Q cos ud. It is usual to employ the same aerial for this purpose as that used for sense- 
finding, care being taken that the aerial circuit is far from resonance when used for ‘'zero clearing." 


For the reason given above, the force Q, in the simplest case, is approximately athwartships 
’^r all directions of incidence of the wave. Its effect is therefore greatest when it is at right angles 
to the field due directly to the wave, that is, when the wave is incident on either beam. In other 
words, blurring is most noticeable for stations on either beam, stations ahead and astern frequently 
giving very clearly defined readings. It is usual to apply zero clearing by means of a variable magnetic 
coupling, and it is found that the amount required is approximately zero for waves incident ahead or 
astern, and changes sign in passing from starboard to port. In other words, it is of a “ semi¬ 
circular character,” changing sign every 180°. For this reason, zero clearing devices are 
sometimes referred to as ” semi-circular correctors.” The amount of semi-circular correction 
required is dependent on the precise rig of aerials and superstructures in the ship and, of course, 
varies for different angles of incidence of the waves. It is, however, determined during calibration 
. and any departure from the amount found necessary during calibration is an indication that con¬ 
ditions have changed, and that to a greater or lesser degree the calibration is invalid. Such a state 
of affairs may occur at night when there is an ionospheric as well as a ground ray. If it is found 
that the necessary amount of semi-circular correction is abnormal for the particular bearing in 
question, it is proper to conclude that night effect is present. A zero clearing device, therefore, has 
the additional advantage that it provides an indication to the operator that night effect is present, 
thought it can do nothing to reduce it. 
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33. Quadrantal Correctors. —In order to obtain true bearings without the necessity for 
applying corrections for quadrantal deviation, a number of quadrantal correctors have been devised. 

(1) Bellini-Tosi Systems. 

{a) One loop is set up fore and aft and the other loop athwartships. To counteract the 
effect of the ship, which tends to make the wave appear to be coming from a direction 
more nearly right ahead than it is, the fore and aft aerial is intentionally made smaller 
so that with a transmitting station bearing 45°, the currents flowing in the two 
primary windings of the goniometer are approximately equal. The goniometer then 
gives the true bearing 45°, over a wide frequency band. 

(6) Equality of currents for a wave incident at 45° may also be obtained by adding 
impedance to the circuit of the fore and aft loop. This takes the form of two equal 
inductances, one in each leg of the aerial, but inside the office. They are adjusted 
by trial until the zero is at 45°. 

(c) A similar result may be obtained by shunting the winding of the goniometer connected 

to the fore and aft aerial by an inductance. 
TQ jp The larger the inductance the less the shunting 

LOOP LOOP effect, and it is possible to calculate the amount 

F A P 3 of inductance required to correct any given 

amount of deviation. In Service practice it is 
usual to provide a shunt for both the gonio¬ 
meter winding joined to the fore and aft aerial 
and that joined to the athwartship aerial, as 
in Fig. 32 ; use is made of the requisite shunt. 
The principal advantage of this method of 
correcting quadrantal error is that a defective 
contact in the shunt inductance can at the 
To GONIOME.TCR most give an error equal to the deviation, 

whereas a defective contact in a series in- 
duct^nce of method (6) can lead to an error 
up to 90°. 

[d) A cam corrector may be attached to the search coil and used as described below; it 

may be used in conjunction with (c). The reading is usually given by a “ floating " 
pointer, operating independently. 

(2) Rotating Colls. —The most usual practice is some form of cam corrector by which the 

pointer is made to lag or lead on the coil so that the readings given by the pointer 
are true bearings, while the coil itself merely determines the apparent bearing. The'' 
advantage of a cam is that it can be so shaped as to correct any type of deviation 
due to the ship, whether it is of the simple quadrantal or a more complicated type. 

The quadrantal deviation due to a ship is usually found to be constant for frequencies corre¬ 
sponding to wave lengths longer than about five times the length of the ship, but increases appreciably 
on higher frequencies. For this reason it is necessary to adjust quadrantal correctors for the 
frequency in use at the time, and to find out by trial how the correct adjustment varies with the 
frequency. 

In BcUini-Tosi systems having a long length of cable between the aerials and the office, the 
behaviour of quadrantal correctors is appreciably modified by the capacity of the cable. They 
will only behave in a normal manner if the circuit, consisting of the aerial inductance and the cable 
capacity, is very far from resonance. 

34. Semi-Circular Correctors. —To compensate for semi-circular effect it is necessary to 
introduce into the loop an E.M.F. equal and opposite to the ship field which blurs the zeros. From 
the previous analysis of this error it will be seen that the correcting E.M.F. must be 90° out of phase 
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with the E.M.F. induced directly in the loop by the incoming wave, i.e,, in phase or in anti-phase 
with the field that causes blurring. 

' The semi-circular corrector may consist either of a vertical aerial or a loop aerial circuit. 

* A vertical aerial corrector is showm in Fig. 33. 

The aerial is always operated in a condition which is 
far from resonance, and so the current flowing in the 
inductance L is 90° out of phase with the vertical 
aerial E.M.F., i.e., 90° out of phase with the field of 
the wave. The mutually induced E.M.F. into the 
loop circuit is therefore in phase or anti-phase with 
the field of the wave. The loop E.M.F. directly 
induced by the wave is 90° out of phase with the 
wave field. Hence the correcting E.M.F. is 90° out 
/ of phase with the directly induced loop E.M.F. It is 

also 90° out of phase with that produced by a sense- 
finder. 

The amplituue of the correcting E.M.F. is varied 
by adjusting the mutual coupling. The amount of 
coupling required varies with the direction of the 
wave, and usually, if it is positive for starboard 
bearings, it is negative for port bearings, being zero 
for bearings exactly ahead and astern. Hearings 
should always be taken first with the coupling of the 
semi-circular corrector at zero. If a blurred zero is 
obtained, the corrector may be brought into opera¬ 
tion by increasing the coupling. A value of coupling in one direction or the other should quickly 
be found where the blurring is reduced, and it should be only a matter of careful adjustment of 
coupling, and the setting of the search coil or frame coil, in order to obtain a perfect zero. Wlicn the 
minimum has been found by use of the corrector, it will be observed that the reciprocal minimum 
has been blurred still more. It must not be inferred, however, that the perfect zero gives the true 
direction {i.e., the sense) of the station. With a loop aerial corrector this can sometimes be arranged. 

The series condenser is provided for use with a large aerial which may— 

[а] give too strong signals, or 

(б) come into resonance within the range of frequencies in use. 



In the case of [a), the settings of the coupling in the corjector may be loo critical if the series con- 
j denser is not employed, and in the case of {b) the current flowing in the aerial will not be in the right 
phase, but can be put right by bringing in the series condenser. It is often convenient to use the 
same vertical aerial for sense finding and for semi-circular correction, since, in general, the two 
operations are not done simultaneously. 

Loop aerial semi-circular corrector circuits are more complicated in action and less commonly 
used. They will not .be described here. 


35. Typical Receivers. —Fig. 34 shows a simplified diagram of the first stages of a circuit 
suitable for use at low and medium frequencies, incorporating sense finder, semi-circular corrector, 
and other features which have been discussed above. The diagram only shows the input of the 
first balanced stage of radio frequency amplification. In practice this is followed by additional 
Stages, detection, and note magnification. 

Fig. 35 shows a simplified diagram of a circuit suitable for use at high frequencies emplo 3 dng 
beat rectification and having only one further stage of intermediate frequency amplification before 
detection. The note magnifier is not shown, and no sense finder is incorporated. It is to be under¬ 
stood that in the complete receiver several further stages of intermediate frequency amplification 
will be required. 
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Operators are trained to search for sisals on L/F and M/F in the *' stand-by " position, with 
the sense aerial switch in the sense " position ; the search coil or frame coil need not be moved, 
the vertical aerial is non-directional. With C.W. (Type A1 waves), the signal is picked up simply 
[A manipulating the tuning condenser of the heterodjme oscillator. This method of searching will 
omy fail in the unlikely event of the E.M.F. in the loop aerial or search coil being equal and opposite 
to that produced in it by the vertical sense aerial. After picking up a signal, the opt^rator adjusts 
to the D/F position, and, finally, determines the sense of the bearing. 

36. Calibration of a Warship’s Direction Finder, —After installation, the outfit should 
be subjected to a schedule of tests to eliminate faulty gear; finally, it should be calibrated. The 
object of this process is 

[а) To determine the necessary correction for quadrantal error on oil frequencies. This 

may subsequently be applied by reference to a curve of corrections, or it may be 
applied automatically by a cam, a shunt inductance, or otherwise. 

(б) To ascertain that any sense arrows or pointers are indicating correctly; to take note 

of the reliability of the sensefinder and the highest frequency at which it will work. 

The whole operation calls for the highest technical skill. During calibration, the ship takes up a 
position 3 to 5 miles from a shore transmitting station but without intervening or adjacent land. 
The routine which is then followed depends upon the nature of the D/F outfit that is being calibrated. 
All bearings should be relative to the centre line of the ship and should not involve the use of the 
ship's compass. 

Rotating Coils. 

(a) The transmitting station is brought to bear right ahead. With the cam corrector 
at 0°, the pointer is set so that it reads 0“ when a zero is obtained. It is usually 
preferable to isolate the ship's main aerial. 

(&) The ship is then slowly turned Ihiough 360*^, at not more than 6“ a minute, in order to 
obtain a curve of corrections for various relative bearings of the transmitter, 
working at a given frequency. A direct comparison of the visual and wireless 
bearing is made at the rate of about 2 per minute, that is to say, about every 3'^ of 
swing. If the zeros arc found to be blurred, use is made of a semi-circular corrector 
and a note is taken of the maximum coupling that has to be used. A record is 
made in the calibration report that if the amount of coupling is found to be in excess 
of a certain stated value on any subsequent occasion, it is necessary to suspect that 
there is a source or error in the instrument, or that night effect is present. Having 
obtained a curve of corrections, it is possible to arrive at a setting of the standard 
cam corrector—if this is fitted—which will automatically apply approximately the 
requisite correction on all relative bearings, for a given frequency. Alternatively, a 
specially cut cam (or cams) may be supplied. 

(c) The ship is then steadied on red or green 45", and on the quarter bearings if time permits, 
and observations are taken of the maximum quadrantal error for different repre¬ 
sentative frequencies. If unexpected values are obtained at any frequency, 
operation (6) is performed again. It is generally found that the curves of corrections 
for neighbouring frequencies conform in general shape to that on which the 
swing was performed. It is therefore only necessary to take note of the maximum 
quadrantal error on different frequencies, in order to be able to sketch the probable 
curves of corrections. The calibration report will contain a note of the settings 
of the standard cam corrector, to give approximate correction at each of the 
frequencies on which observations are taken. 

{d) Finally, it is important to check the setting of any pointei which may be fitted to 
indicate " sense," and to test the functioning of the sensefinder. 

Although correction for the greater portion of the deviation may be applied by a standard cam, 

a 3 
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where the highest accuracy is required (e,g., in Navigation), the cam corrector—^if fitted—should be 
put out of action or neglected, and the correction applied from deviation tables or the curves of 
corrections. 

Bellini-Tosi Systems. 

(а) The aerials are approximately balanced by adjusting the series or shunt inductances 

which are provided for this purpose. To do this, the transmitting station is brought 
to bear successively green (starboard) 45°, green 135°, red (port) 45°, and red 135°, 
and adjustments are made to the quadrantal correctors until approximately no 
deviation is obtained at each of these points. This operation is performed on a 
number of representative frequencies. Shunt inductances are designed so that 
the bearing may be shifted at the rate of 1 ° per stop; the calibration report will 
contain a note of the setting of the inductance that gives good correction over a 
band of frequencies. ^ 

(б) The ship is then slowly swung through 360° in the manner already described for the 

rotating coil, in order to obtain a curve of residual corrections or deviation table. 
Where necessary, this operation is repeated for various frequencies. A cam 
corrector is sometimes fitted to the moving clement of the goniometer, auto¬ 
matically to give approximate correction for the residual error over a band of 
frequencies. In some cases, it is necessary to supply two cams in order adequately 
to cover the frequency range. In this case when true bearings are read by means 
of the cam pointer, it is essential to be sure that the shunt inductance is on the stop 
appropriate to the frequency, as detailed in the calibration report. 

(c) Finally, it is important to see that the sense arrow on the goniometer handle is set 
correctly and that the sensefinder functions properly. 

Where bearings of the highest accuracy are desired, it is better to disregard the reading of the cam 
pointer, and to apply the necessary correction for residual error by direct reference to the curve of 
residual corrections. 

37. Direction Finders in Ships.—From an electrical point of view, a direction finder should 
be situated as high above the Imll of the ship as possible. This tends to reduce the amount of 
quadrantal deviation, but regard has to be paid to the position of aerials and other conductors such 
as main aerial halyards, lightning conductors, lead-cased cables for masthead lights, etc., all of 
which are capable of acting as vertical aerials. The currents in these conductors have the effect 
of blurring the zeros. Thus the best position for a direction finder is at the top of a mast, above the 
level of the roof of the main aerial and above all other conductors. When this is not possible, 
every endeavour should be made to obtain a ]X)sition which is as synunetrical as possible, both 
about the centre line and athwartships, c.g., Bellini-Tosi aerials between two equal vertical fimnels 
are superior to aerials abaft a single funne. The same consideration should be borne in mind in 
the rig of the aerials themselves, so that they may be as symmetrical as possible with respect to 
surrounding structures. 

In warships, of course, the position of the D/F aerials cannot be settled entirely by electrical 
considerations, but regard must be paid to questions of vulnerability, the arcs of fire of high angle 
guns, and other considerations. This sometimes leads to the aerials being at a considerable distance 
from the office. Technically this is bad, and every effort should be made to reduce the length of 
cable which has to be run from the aerials to the office. Even with the lowest capacity paper- 
insulated cables in use at the present time, every 100-ft. represents an effective capacity across the 
loop or frame of 0-5 jar, and a capacity to earth of 2 jars, which sets a serious limit to the highest 
frequency on which bearings can be taken. 

Whether it is better to fit a rotating coil or a Bellini-Tosi system depends upon the circumstances 
which obtain in the particular ship under consideration. ^Vhere space is available, a Bellini-Tosi 
system, with large, aeriEils on the centre line and approximately amidships, is recommended for use 
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at low frequencies ; otherwise, it is better to use a rotating coil or crossed loops at the top of the 
mast. Where the office can be placed immediately under the aerials, it may be possible to take 
parings on the higher frequencies (above 1,000 kc./s.). In general, it is p^ossible to work more 
qluckly with a Bellini-Tosi system than with a rotating coil, and this gives it an advantage for 
tactic^ purposes, and with a fading signal. 

As the frequency increases, the errors due to the ship likewise increase rapidly in amount and 
complexity. Their correction becomes correspondingly more difficult, and in every ship installation 
there is a limiting frequency which varies with the class of ship and the nature and position of the 
direction finder, above which reliable D/F bearings cannot be obtained. 

Best readings are obtained on the lower frequencies w^hen other aerials arc insulated. With 
the main aerial earthed, but far from resonance with the wave on which the direction finder is 
working, there is usually a slight blurring of the zero. This becomew^orsc as the aerial comes near 
tp resonance, and at resonance it is possible for a bearing to hr greatly in error, unless the D/F 
aerials are very well placed. 

It IS sometimes possible to have in a ship a single wire aerial w^orking on the same frequency 
as that to which the direction finder is tuned, but it must be at a con.dderable distance in order to 
be safe. It is best to have it below the level of the direction finder, if posbible. 

It is important that calibrations should only be conducted under conditions likely to prevail 
in practice. It follows, therefore, that when using the direction finder for accurate work, care 
must be taken to see that those conditions have not been altered. 


38. The Adcock Direction Finder.—Night effect errors have bi*en shown to be due to the 
voltages induced in the horizontal parts of the loop. In 1916, Adcock suggested that the effect 
might be rut down by eliminating the horizontal parts, and designed a spaced aerial direction finder 
known as the “ U " type. In 1929 Eckersley proposed a modilication which will now be described 
, i^nd referred to as the screened U " type, in which the lower horizontal leads to the receiver arc 
screened by leading them underground through an earthed metal tube, so that no E.M.Fs. can 
possibly be induced in them by an incident w^ave, no matter what may be its state of polarisation. 
The loop direction finder is thus modified as shown in Fig. 36. 
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Fig. 36 . 



AD and BC are two vertical aerials corresponding to the vertical sides of a rotating loop, and 
are joined by an underground screened cable to an inductance L in the office, this inductance being 
coupled to the first stage of the receiver. The whole is to be considered capable of rotation about 
a vertical axis through its centre point. If the circuit is arranged symmetrically, the two aerials 
lay be considered as earthed in common from the electrical mid-point of L. The currents flowing 
m opposite directions through the two halves of L from the vertical aerials to earth, are then in the 
same proportion as the E.M.Fs. induced in the aerials by the incident wave. The resultant flux 
through L is thus proportional to the difference of these two E.M.Fs., and the system is electrically 
equivalent to a loop aerial, except that it is only affected by the vertical component of the electric 
field of the wave. For example, when the plane of the aerials is at right angles to the direction of 
propagation of the wave, equal E.M.Fs. are induced in the aerials, equal currents flow in opposite 
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directions through the two halves of L and there is no resultant flux through L. 2Iero signal is 
therefore obtained in this position, as in the case of a loop aerial receiving the direct ray only. The 
complete theory of the effect of the screened tube has so far defined mathematical anal 3 ^is. ^ 

The Adcock equivalent of the Bellini-Tosi system is shown in Fig. 37. Four equal vertical 
aerials. A, B, C and D, are situated at the comers of a square. Opposite aerials AC, BD are joined 
by means of buried cables through two equal inductances and L 2 , mounted at right angles as in 
an ordinary goniometer. The search coil S rotates and is joined to a receiver suitable for the 
frequencies in use. The practical operation of such a type of Adcock system is exactly the same as 
a Bellini-Tosi system. In general, however, there is an error which is octantal in nature and will 
be described below. 

The principle of the “ Spaced direction finder is found in use in many different forms. Another 
of these which gives good results employs the elevated or H ” type of aerial system. In fact.^t 
consists of two Hertzian half-wave length aerials, often called dipoles or doublets, and is shown in 
Fig. 38. 

I A Cl 
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Fig. 38. Fig. 39. 


The Hertzian aerials AB, CD, are mounted vertically at the opposite ends of a horizontal tube 
XY, which can be rotated about a vertical axis through its centre point. The leads from the aerials 
are brought along inside the metal tube shown by the dotted lines. The current which flows through 
the coil L is then due to the difference of the E.M.Fs. induced in the two dipoles AB, CD. If the 
whole system is rotated until XY is perpendicular to the direction of the wave, no current flows 
through L, and a zero is obtained in the receiver. Here again, a Bellini-Tosi form of this type of# 
Adcock aerial system is also possible. 

In order to obtain satisfactory signal strengths it is desirable that the separation between the 
opposite aerials should be about one-tenth of a wavelength. At 300 kc./s. this means about 100 
yards. The space required for Adcock aerials working on the medium and lower frequencies is 
therefore considerable. It should also be remembered that exact equality in the receiving power of 
opposite aerials is necessary if accurate bearings are to be obtained. It is dear that, even if 
sufficient space were available to permit the fitting of Adcock aerial systems in ships, this last 
requirement might be very difficult to secure. Any difference between the effect of the structure of 
the ship on each of the aerials would produce serious error. When Adcock aerials are used at high 
frequendes, extreme rigidity of design is essential. All four aerials should be accuratdy vertical to 
within a degree and of equal length to within an inch. Furthermore, it may be taken for granted 
that in favourable circumstances in a ship, one might get a separation between opposite aerials of 
about 10 yards ; at a frequency of 300 kc./s., the differential action of the two aerials is about 6 per 
cent, of the response of either aerial alone. It has been calculated that to achieve an angular accu¬ 
racy of 1® in these circumstances, the total extraneous pick-up must not exceed about 2 per cent, 
of this, which is Od per cent, of the pick-up of.either aerial ^one. This represents an extremely 
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searching iDstrumental requirement. Finally, the inflexibility of this type of direction finder should be 
noted , an Adcock system giving reasonably good results at high frequencies, would be extremely 

r isitive at medium frequencies, and relatively much more so than a loop direction finder. 

Anotlier Adcock system, the advantages of which have recently been investigated by Barfield, 
is known as the balanced coupled t 5 q>e,’" and is shown in Fig. 39 in its rotating loop form. The 
magnetic couplings aim at increasing the impedance between the vertical aerials and the horizontal 
feeders in order to reduce the current flowing into the vertical members, which is pioduced by the 
action of the horizontally polarised component of the electric field of the wave. The electrostatic 
screen between the windings produces this result. The vertically polarised romp>onent of the 
electric field produces its usual differential effect in L. The series condensers in the earthed leads 
are there to balance the paths to earth and so equalise the currents to earth. It appears that the 
residual error produced by night effect on a system of this kind may be reduced to a very small 
value ; unfortunately, however, its sensitivity is very low. 

In the range of the direct ray, and where the indirect I'ay is iiLgligible, there is nothing to choose 
in point of accuracy between a closed loop direction finder and one based on the Adcock principle. 
Where the indirect ray is important, the Adcock has the advantage. Even this sytein will fail 
when a number of rays from the transmitter reach the receiver at the same instant from different 
directions. This appears sometimes to happen at high frequencies with a receiver which is outside 
the range of the direct lay, and is suj)posed to be due to the scattering of the rays in the outer atmo¬ 
sphere, like the scattering of the sun's lays by tog. At very great distances it appears that the main 
indirect stream of energy arrives in a fairly uniform direction in the great circle plane between the 
transmitter and the receiver and a definite bearing is again obtained. 

39. Octantal Error.—The re^ul^ obtained in paragraph 4, that the loop E.M.F. is proportional 
to the cosine of the angle between the plane of the loop and the direction of the transmitter, was 
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seen only to be justified provided that the width of the loop (or the distance between the two vertical 
aerials in the Adcock system) was small compared with the wavelength. At the higher frequencies 
at which these Adcock systems are most necessary, this condition may not be realised ; particularly 
since their liigh impedance makes it necessary for them to be of large dimensions to give sufficient 
signal strength. 

Provided the bearing is obtained by a zero on the rotating coil or its Adcock equivalent, this 
limitation does not affect the bearing, since the resultant E.M.F. is zero whatever the distance 
between the aerials in any practical arrangement. 

In the Adcock equivalent of the Bellini-Tosi system, in general, the resultant magnetic flux 
in the goniometer is not always perpendicular to the direction of the incoming signal, as it was in 
the case analysed in paragraph 13, and the goniometer pointer will not give the true bearing. This 
will be the case unless the distance d between the vertical aerials (or sides of the loops) is small 
compared with the wavelength X, in practice it should be less than about one-quarter of the wave¬ 
length. In fact this means that for incoming signals on all possible bearings from 0° to 360°, at 
the eight equally spaced octantal points 0°, 45°, 90°, etc., the resultant flux will be exactly 
at right angles to the direction of the signal and the pointer will indicate the true bearing. For 
signals received from all other directions, the bearing indicated by the pointer will be in error, and 
a correction must be applied. The magnitude of this correction varies with the ratio rf/X, and the 
direction of the wave. It is shown graphically in ¥ig. 40 for three values of d/X, and the formula 
may be derived mathematically as shown below. This octantal error is not to be confused with 
another one, which is an instrumental one associated with goniometers in general, and not treated 
here. 

It should be understood that this error is common to all Bcllini-Tosi systems, but is of more 
importance in the Adcock equivalents which are usually employed at higher frequencies. 

'^40. Mathematical Analyals.—In Fig. 41, A, K, Cand D represent tlie four spaced aerials, and a wave is 
shown incident at an angle 0 to the plane of the pair CD. The wavefront is indicated, together with the projec¬ 
tions from A, B, C and D. The seini width of the sy.steni is “ a,” the width being " d.'' 
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If the field at O be sin 

( 2n£i cos 0 \ 

-i -^— 1 (para. 4) 


Similarly at D ... ^i^ — 

/ 

and at A ... sin ^ — 

and at B ... sin -h 

If h is the height of the vertical aerials, then as in paragraph 4, 
by taking the difference between the instantaneous E.M.Fs. in 
the two members constituting a pair we get— 


2na cos 0 
X 

2Tza sin 0 
X 

2na sin 0 


E.M.F. in pair CD 2^h sin ^ 
E.M.F. in pair AB 2^?"^ sin 


2Ka cos 0 
X 

2710 sin 0 


j cos ui 
cos Cl)/. 


D 

With identical impedances, currents, and hence magnetic 
Fig. 41. fluxes, are produced in the goniometer windings which are 

proportional to the E.M.Fs. (c/. paragraph 13). Further sincua 
the E.M.F. in AB produces a flux in the plane of CD, and that in CD produces one in the plane of AB, if a 
be the angle wliich the direction of the resultant flux makes with the plane of AB, then we have 

I 2770 sin 0\ 


tan a = < 


I 2770 sin 0\ 

\ X ) 


/2Tca cofl 6\ 


( 1 ) 
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From (1) it may be seen that at and 6 will be coincident in value at the octanal points and the true bearing of tbe 
wav^ will be given. 

\ For we have, when 0 = 0”, sin 0 = 0. and at = 0° = 0, 

when 0 = 45°, sin 0 ^ cos 0. tan a = 1, and oc == 45° = 0, 
when 0 = 90°, cos 0=0, tan ot = », and a = 00^ = 0, 

and 50 on. Between these points, the maximum v^alue of the difference between a and 0 will depend upon the 
d 

ratio—, and on 0, in the way shown in Fig. 40. The mathematical analysis for this will not be given. Finally, 

d 

from (1) it is clear, that when — is sufficiently small, the sine of the angle is replaceable by the angle itself in 
circular measure, and tan at = tan 0, that is at = 0 alw^ays. 

41. Directional Transmission ; Radio Beacons. —The principle of the wireless lighthouse 
is in use in various parts of the world in three forms : — 

(а) Flashing radio beacons, with all round radiation. 

(б) Revolving radio beacons. 

(c) Radio-range beacons. 


(a) Flashing radio beacons are in all respects like omni-directional flashing lighthouses, and 
used in the same way. A characteristic morse signal radiated at stated intervals lakes the place 
of the flashings of lighthouses and makes recognition easy. They usually work on some frequency 
in the neighbourhood of 300 kc./s., and operate continuously in fog and at specified times or on 
request. For ships, or aircraft, having direction finding apparatus, it is generally better to use 
.liese beacons for D/F work and not commercial or other wireless stations, unless the geographical 
position of the transmitter is known with accuracy and the bearings are likely to be free from error 
due to coastal effect or other causes. 

(b) Revolving beacons render possible the determination of direction or bearing from a fixed 
point without the use of special direction finding apparatus in the ship or aircraft. Quite simple 
receiving apparatus is required to observe either the instant at which a sharply focussed beam sweeps 
past the sector that includes the receiving ship, or to detect a rise and fall in signal strength as the 
beam rotates. This is “ directional transmission ” in the sen.se in which this term was used in 
paragraph 1. 

The methods used in the production of revolving beacons depend upon the frequency to be 
employed. Employing frequencies of the order of 30,000 kc./s. it is possible to design narrow uni¬ 
directional beam transmitters, in which the directional effect is obtained by having some reflector 
system which rotates around the radiating aerial. One of the first of such beacons was installed 
at Inchkeith by the Marconi Company, and had a single wire vertical aerial transmitter, with a 
parabolic reflector which could be rotated about this aerial. The reflector consisted of a number 
of vertical wires in the form of a parabola, with the transmitting aerial at the focus. The beam 
could be made to revolve by rotating the reflector system about the transmitting aerial as axis. 
Although the width or ap)erture of the parabola was only about two wavelengths, the beam was 
sufficiently sharp to give an angular accuracy of 2°-3° at a range of ten miles. Its working range 
however, rather restricted, and it had the disadvantage that a ship making use of the beam 
nfeeded a special receiver suited to the very high frequency in use. Beams working on frequencies 
of the order of 80,000 kc./s. have been used in America for assisting aircraft to make good landings 
in fog. 

At frequencies in the medium frequency range use may be made of the directional properties of 
a loop aeh^. A loop employed as a transmitter will have a horizontal polar diagram in the form 
of a figure-of-^ight. The maximum radiation is in the plane of the loop, while in the plane at right 
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angles to the loop there is zero radiation. Thus, if such a coil is made to rotate clockwise through 
360'’, say once a minute, the direccion of zero rachation also turns through 360°. Now suppose that 
the plane of the coil is due East and West when the revolution commences, and a signal is sent o^V, 
such as the letter N," to indicate the exact instant at which the coil starts to rotate. Imagine 
an observer at a point bearing 135° (true) from the rotating coil receiving signals on an ordinary 
open aerial. At the instant at which he hears the letter N he starts a stop watch. The signal 
gradually increases in strength until, after seconds, it reaches a maximum. It then commences 
to decrease, and at the end of 22J seconds the rotating coil is at right angles to the direction of the 
receiver, and a zero is obtained. The signal again commences to increase, reaches a maximum, 
and once more returns to zero after a total time of 52^ seconds from the commencement of the 
revolution. It is clear that by taking the time at which the zero is obtained in the receiver, the 
bearing of the transmitter can be obtained. If the zero occurs t seconds after the commencement of 
the swing, then the bearing is 

6r or (6f + 180)°, 

since the rate of rotation is 6° per second. 

It is only possible to say which of the bearings is the correct one, provided sufficient is known 
of the probable direction of the transmitter, for at present no arrangements are made to remove the 
180° ambiguity. In case the letter “ N should not be heard because the receiver is due North or 
South of the beacon, a second signal is sent out when the plane of the coil is North and South. 

This system of directional transmission, in which there is some radiation in every direction but 
one, has the great advantage that it can be used at medium frequencies, and demands no special 
apparatus at the receiving end. An ordinary open aerial and receiver is all that is necessary, 
together with a stop watch. As the time of the revolution of the beacon is maintained very accurately 
at 60 seconds, it is possible to check the rate of the stop watch. This should always be done and 
allowed for in the calculation of the bearing. For example, if the zero is obtained 20 seconds aftef' 
the commencement of a revolution, but the time of revolution appears to be 61 seconds by the stop 
watch, the true bearing is not 120°, but 

20 

X 360 - 118°. 

Dl 

In order to get sufficient radiation from a coil of moderate dimensions it is necessary that it 
should carry very large currents. For example, one beacon at present in use has four turns on a 
frame 10 ft. X 11 ft., and carries a current of 80 amperes, at a frequency of 300 kc./s. Instead of 
a rotating coil, two large loops at right angles can be coupled to a transmitting goniometer. 

All forms of revolving loop transmitter are liable to “ night effect," since in general it is not 
possible to prevent the radiation of an electric field from the horizontal parts of the loop and which 
is horizontally polarised. Theoretically, therefore, an improvement should be obtained by using 
the transmitting equivalent of the Adcock receiver, and this is sometimes employed with the radio¬ 
range beacons. From this it follows that aircraft employing a traihng aerial cannot hope for accurate 
results, 

(c) Radio-range beacons, emplo 5 dng medium frequencies, are fixed in direction, and are used 
in Some parts of the world to define safe courses for aircraft, or to assist in homing. These beacons 
are produced in Viirious ways and several methods are used to indicate the course to be followed. 
Broadly, there is the type of beacon that gives an aural indication of the course, and another 
that gives a visual indication on an indicator like a frequency meter. In the first type two crossed 
loops may be used, each loop being alternately energised from a common source. The resulting 
radiated energy will be in the form of two figures-of-eight as in Fig. 42. 

In one such system the letter A is transmitted from one loop and the complementary letter N 
from the other loop, the signals being so timed that with respect to a receiver situated somewhere 
on tfat equi^ignal line, they coalesce and produce a continuous dash. So long as the aircraft 
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remains on the course the dash is heard. If it moves off the course a preponderance of A or N 
will indicate the direction of the error. 



Fig. 42. 


In the second t 3 rpe employing visual indica¬ 
tion, a simple method is to excite the two loops 
in the same phase, but to employ a carrier having 
a different modulating frequency in each case. 
The two modulating frequencies might be of the 
order of 65 and 86 cydes per second. After 
detection, these two frequencies may be arranged 
to operate the reeds of a frequency meter. So 
long as the aeroplane moves along the equi- 
signal course, the amplitude of vibration of the 
two reeds will be equal. If this course is lost the 
reeds will vibrate with unequal amplitude and 
the inequality will point out the direction of the 
error. Fig. 43 shows the directional character¬ 
istics produced in this way, and it can be shown 
that only two courses result, as opposed to the 
four courses produced by the aural type. Four 
courses can, however, be produced, and the angle 
between them can be controlled by altering the 
phase equality of the two loops, or by making the 
percentage modulation in the two cases unequal. 



Fig. 43. 
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High-frequency radio-range beacons are in use in different parts of the world to facilitate 
the blind landing of aeroplanes in fog. In the Lorenz System, the pilot follows the homing beacon 
at a steady altitude ; at about 1J miles from the landing position, the machine runs through ^ 
vertical wall of signals, some 200 yards in width in the direction of flight; at this point the pilot 
begins to glide to earth following a line of equal signal strength. Further on, the machine penetrates 
another vertical wall of signals, this one about J mile from the point of contact with the ground ; 
the pilot begins to “ flatten out.” In the machine, three separate visual receivers are provided, 
two of these to receive the two warning signals, and the other to observe the signal strength of the 
beacon signals. The visual indicators may conveniently be neon lamps. Arrangements are also 
made to provide acoustic reception of the two warning signals, and of the main signal from the radio 
beacon. Beacons of this kind use frequencies of the order of 33-3 megacycles, and the two warning 
signals use a frequency of the order of 3.8-0 megacycles. The two warning signals, in the form of 
vertical walls, aie produced by the use of horizontal dipoles and reflectors, a different modulating 
frequency serving to distingui.sh the first warning sign^ from the second. 

The adjustment of the beacon to provide a suitable gliding angle when the pilot is following a 
line of equal signal strength, depends upon a nice control of the vertical polar diagram of the beacon. 
In practice the angle of maximum radiation is inclined upwards at an angle of about 8° to the 
horizontal, and a line of equal signal strength may be regarded as a curve within the envelope of 
the vertical polar diagram which is defined by the requirement that the rate of decrease of 
signal strength due to loss of angular height must be made equal to the rate of incriease of signal 
strength due to approach to the beacon. 


EXAMINATION QUESTIONS IN D/F. 

^Numerical Examples. 

Jl. ^Find the voltage induced by a plane wave of field strength 0-01 volts per metre and frequency 
1,000 kc./s. in :— 

(а) A vertical aerial 8 metres high. 

(б) A frame aerial 1 metre square of 12 turns, the plane of the frame being in the 

plane of propagation of the wave. 

[Result: («) 80 mV.; (b) 2-51 mV., L.U., 1932.] 

2. A frame aericU has 20 turns of diameter 6-ft,, the resistance of the coil being 2-5 ohms at 100 kc./s. 

If a signal of this frequency has a field strength of 30 micro-volts per metre, what current 
will it produce in the coil when it is tuned to the signal ? 

(1*32 micro-amps., I.E.E., 1926.) 

^3. A frame aerial consists of 40 turns ; each turn is a square of 1 - 5 metres side, and the whole has' 
an inductance of 9,000 micro-henries. The frame is tuned by a variable condenser. If 
the frame aerial has a resistance of 8 ohms, what will be the voltage across the condenser 
when the frame and condenser are tuned to resonance with an incoming field of 20,000 
micro-volts per metre at a frequency of 60 kc./s, ? 

(0-959 V., C. & G,; Final, 1929.) 
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■ 4 . A loop of area I sq. metre, and having 10 turns has its plane at 45° off the line of bearing of a 
distant station which produces an incident magnetic field of strength 10-® lines persq. 
^ cm. at a frequency of 300 kc /s. Find the E.M.F. induced in the loop. 

(1-33 micro-volts, I.E.E., 1930.) 

* 

5. A small frame aerial is connected across a calibrated variable condenser. A valve voltmeter is 
also connected across the condenser. The frame is placed so that its plane is inclined at 
45° to the direction of a distant transmitting station sending a continuous dash on 100,000 
cycles per second. 

Maximum deflection of the voltmeter is obtained when the condenser is adjusted to 
1,000 micro-micro-farads. The frame is then turned until its plane is in the direction of 
the transmitting station and the condenser adjusted to give an equal deflection on the 
valve voltmeter. The capacity of the condenser is then 900 micro-micro-farads. Wliat is 
the inductance and resistance of the frame aerial circuit ?) 

(Result: 2-53 mH. 15-6 oluns. C. & G Final, 1933. 


J)escriptive Examples. 

^ Account for the difliculty of determining the direction of H/F signals. What means can be 
adopted (a) on shore stations, and (6) in ships, to minimise the diliiciilty ? Enumerate the 
various errors to which a J)/F system is exposed, and briefly state the means adopted for 
counteracting them in a liellini-Tosi system. 

(Qual. Wt. Tel., 1935.) 


. Describe a frame aerial. What are tlie properties which distinguish this type of aerial from a 
simple vertical type of aerial ? 

Describe the theoretical basis of sense finding in D/F work, and show how sense is 
found with a Service type rotating loop outfit. 

(Qual. Lts. (S), 1935.) 


Show briefly how a Rotating Frame Aerial can be used to determine tlie direction of transmission. 
State how sense is determined and explain how the necessary conditions for obtaining a 
good sense bearing arc fulfilled. Illustrate your answer by polar diagrams. 

(W/T.l., 1934.) 


4. Describe a direction finding system suitable for use in ships. Give sketches showing the arrange¬ 

ment and screening of the coil and discuss the principles involved. Outline the rotating 
beacon system used for giving a bearing to ships at sea. 

(I.E.E., 1932.) 

5. What is the cause of night errors in rotating loop and Bellini-Tosi direction finders ? Explain 

clearly how the Adcock aerial tends to obviate such errors- Give diagrams of the aerials 
and associated circuits for (a) rotating Adcock S 3 rstem, and (6) fixed Adcock system. 

(C. & G. Final, 1934.) 



1^2 


sactiou " W/' 


ft/j' measurement—wavemeters and oscillators. 

1. Importance of Radio Frequency Meaeurement.—The operation of receivers and 
transmitters, under modem conditions, involves the following practical problems :— 

(а) Measurement of the frequency of an incoming signal; it may come from a distant 

station, or it may be injected from a local transmitter which is to be set to a “ spot 
frequency." 

(б) Tuning a receiver to a given frequency. 

The requirement in {a) involves the use of a piece of apparatus still generally called a wave- 
meter, when it is a precision instrument, or a wave indicator when the determination is less 
exact, A device giving an indication on one frequency only, is a familiar feature in some 
transmitters working on fixed frequencies; it is commonly called a frequency monitor. 

Tile requirement in (6) involves a method of energising the tuned circuits of a receiver. This 
needs a local oscillator ; its tuned circuits may be directly calibrated and, for portable 
use, this will probably be convenient. Since the calibration varies when different valves or battery 
potentials are used, such an instrument can never be capable of the highest accuracy. It is usually 
preferable to liavc a roughly calibrated local oscillator and to set it to its required frequency by 
working it in conjunction with a wavemeter. In somewhat earlier days, the name wave tester was 
frequently applied to the local oscillator. 

It is proposed to consider* briefly the theoretical principles underlying the various types of 
wavemeters, wave indicators, and oscillators; it will be seen that in some respects their functions 
are interchangeable. 

2 . Demand for Increased Accuracy.—The greater frequency stability of modern trans¬ 
mitters has led to a greater demand for accuracy in frequency determination. For this reason, 
otle sees the gradual relegation of older " wavemeters " to the status of “ wave indicators," though, 
possibly, the first name still lingers. Apart from interference problems, a practical figure for the 
accuracy required in the tuning of transmitters and receivers is that which ensures reception of the 
signal; that is to say, a receiver anticipating a C.W, signal and using the heterodyne principle 
of signal detection, must be tuned ready for reception and not differ from the signal frequency by 
more than an audible amount. Modern instruments with superheterodyne circuits, etc., provide a 
selectivity demanding no greater difference than 2 kc./s. on the higher frequencies. Since two 
independent tuning processes are involved, one at the transmitter and the other at the receiving 
station, the frequency adjustments at each must be made to within i 1 kc./s.,in order that the 
operator at the receiving station may instantly pick up the signal without undue searching. 

With suitable precision apparatus, frequency determination presents no difficulty to the 
laboratory worker, but laboratory ^apparatus, besides being expensive, requires skilled attention, 
and conditions of use that are an impossible proposition on board ship and in remote shore stations. 
Instruments for Service use are required to combine simplicity of operation, some degree of absolute 
accuracy, and a form that is, relatively, compact and robust. 

Portable wavemeters of the simpler " absorption tjpe," or wavemeters which are required 
to cover a very large frequency range, cailnot possess the requisite degree of accuracy which is now 
necessary in order that transmitters may be set to their frequencies, within the intemationa^y 
agreed limits of frequency tolerance. Such instruments have a guaranteed accuracy which never 
reaches one part in 1,000, and allowing for temperature and other effects, it is more likely to be of 
the order of one part in 250. 

For the above reason, it is now common practice to include a w^avemeter possessing a very 
high degree of accuracy, as an integral part of every modem transmitter. It is only in this way that 
the interference troubles of an overcrowded ether can be prevented. 
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3* Principle of Absorption Wsvemsters. —^These consist, essentially, of a simple oscillatory 
circuit, in which either the inductance or the capacity can be varied to cover a range of frequencies 
'^together with some device for indicating when the current in the circuit is a maximum. Such 
wavemeters absorb a certain amount of power from the source ; hence their name. In the Service, 
the title absorption is usually dropped and these instruments are simply called wavemeters." 
They are suitable for measuring the frequency of medium power and high power transmitters, and 
of incoming distant signals with the help of a suitable receiver. 

If an alternating E.M.F. of constant amplitude is applied to a circuit consisting of inductance, 
capacity, and resistance in series, then the current has its maximum value when the circuit is tuned 
to resonance with the applied E.M.F. The resonant frequency " is connected with the inductance 
L ” and the capacity C ” by the well-known formula 

"" 2n-y/'LC. . 

in particular units, y in kc./s., C in jars, and L in mics., the 


With the quantities in (1) expressed 

formula becomes / = ^ - — . 

2nx/LC 



y 

/ 


Fig. 1, 


Fig. 1 represents a very old Service wavemeter, consisting of a closed oscillatory circuit which 
has, in series with it, a device for indicating when the current in the circuit is a maximum. 

In general, according to its manner of operation, the indicating device may be either in series 
or parallel with the oscillatory circuit; various devices will be discussed shortly. The E.M.F. may 
be obtained either by loose magnetic coupling between the wavemeter circuit and the oscillator 
whose frequency it is desired to measure, or by loose capacitive coupling; the latter is now the 
more common. It will be remembered that if two oscillatory circuits are tightly coupled together 
a double frequency effect is produced; for wavemeter work it is, therefore, important that the 
coupling should be loose. Moreover, with tight coupling, the large currents produced may damage 
the indicating device. 

The frequency at resonance may be read directly from a scale attached to the instrument, or 
from the calibration curves issued witli the wavemeter. 

4. The ComponenlB of the Tuned Circuit. —^Special attention must be given to the desi^ 
of the condensers and inductances constituting the tuned circuits. Tuning condensers are generafly 











4 


Section " W." 


designed so that there is a simple relation, called the law of the condenser, between the condenser 

setting and the frequency. Fig. 2 illustrates the following four cases that occur in practice :— 

(а) Condenser setting proportional to the capacity. (0 « C.) r 

(б) Condenser setting proportional to the wavelength. (0 oc X.) 

(c) Condenser setting proportional to the frequency. (6 ^ /.) 

(d) Condenser setting and frequency related by a logarithmic law of the form (J oc 



(fl) This is the “ straight line capacity condenser/' and is the case of all of the older condensers 
with semi-circular plates ; equal changes in angular overlap of the fixed and moving plates give 
equal changes in area and in capacity. The LC value of the circuit alters in the same proportion. 


From (1) para. 3, we have / k —and since Q ^ C 

yL 

^ - Vf • 


This means that if the frequency is to be halved, the reading must be four times greater ; a change 
in reading from 20 to 80 would produce the same frequency change as that from 2 to 8. It is clear 
that a law of this kind leads to a wide separation of the frequencies at the L/F end, and relatively 
crowds them at the H/F end, and interpolation is rendered difficult. A condenser of this form is 
now rarely used. 


(6) A “ straight line wavelength condenser sometimes has certain advantages, and was very 
much used in the early days of broadcasting work when all stations were referred to in terms of 
their wavelength. In this case we have— 


0 X A ^ Vc. 


Hence 


C «e». 


The design of the condenser plates is based on the above relation, the form of which led to the general 
use of the name “ square law condenser." 

In this case, if the condenser setting is doubled, the capacity becomes four times greater, the 
wavelength is doubled and the frequency is halved ; the relative frequency crowding at the H/F 
end is even worse. This condenser is, also, now somewhat out of fashion. 

(c) Since broadcasting stations are now spaced on a frequency basis, with carrier waves 9 kc./s.' 
apart, it is evident that it became more convenient to design condensers so that one division on the 
scale always represented the same alteration of frequency. For example, a condenser with plates 
capable of moving 180° usually has a scale with 100 divisions, giving 101 points ; for some purposes 
it might be convenient to arrange that a movement of one scale division corresponded to an 
alteration in frequency of 9 kc./s The tuning range would include 101 different stations, and could, 
for example, cover the range of frequencies from 600 to 1,500 kc./s. 
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Moreover, these straight line frequency condensers are almost the ideal ones for use in certain 
wavemeters. In this case— 




0ac / C3C 



I 

X 


The first condenser plates designed according to this law were long and narrow and resembled 
butterfly wings in shape. In that form they were somewhat bulky. Considerable improvement 
in design has since taken place and it is now possible to produce a relatively compact condenser 
following the above law. 


{d) It is possible to approximate to straight line conditions by designing a condenser that 
follows a logarithmic law. It is obvious that the “ accuracy at the low capacity end of the scale 
will be much increased if the rate of the change of capacity with s(‘ale angle is simultaneously low, 
"Hd that the accuracy at the other end will not be seriously impaired if the rate of change is there 
projxirtionately higher. This gives a possible design criterion that the “ rate of change of capacity 
shall always be proportional to the capacity.” This will produce equality of percentage frequency 


/ 8 / 
alteration -j- 


fur equal alterations of condenser setting (SO) over the whole scale, a state of affairs 


which makes the best use of the smallest scale divisions. It is equivalent to the pioduction of a 
condenser having a constant percentage error in frequency me asurement ovei the whole scale. In 
terms of the first of these criteria, mathematicians will see that this means 


dC 

db 


- KC 


( 1 ) 


where K is a constant. 

; The negative sign implies that C is arranged to decrease as 0 increases, so making an inverted 
scale in order that / may increase with increase of 0. From (1), by inlegration, we obtain the 
expression for C in terms of 0 in the form 

r - r 

where is the capacity at any scale angle 6, where is the maximum capacity, where K is a 
constant, and where e is the base of natural logarithms. 




It will be seen that when 0 = 0 then = Cn,,,- 
1 

Since / X . 

/ oc . 


it follows that 
where k is a constant. 


Fig. 2 (b) shows the graph of and it will be seen that, over a limited portion of it, the 
curvature is not very pronounced ; for this reason the name “ mid-line ” condenser is sometimes 
used. 

The absolute error in frequency will always be greater at the HfF end than at the L/F (or 
large capacity) end of the scale. Extreme variation may be countered by arranging that the ratio 
of maximum capacity to minimum capacity is not too great ; in one Service example it is fixed 
-.15-6: 1 (0-5 jar to 0-09 jar), giving a frequency ratio of a little over 2:1. In design work it is 
usually necessary carefully to arrange that the minimum tuning capacity in parallel with the 
inductance is relatively large ; partly for this reason a fixed condenser will often be found in parallel 
with the variable one. 

The condenser is, generally, the variable component because of the difficulty of constructing 
variable inductances which will preserve their values unchanged. This is mainly due to ‘‘ dead 
end ” effects. 
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When a wavemeter is required to cover a large range of frequencies it is usually supplied with 
a number of interchangeable coils; the inductances are selected so that the LC value obtained 
with any one coil and a high value of the variable condenser, may also be obtained with the ne^ 
coil in the series and a low value of the variable condenser. In this way, a continuous band of 
frequencies is covered with suitable overlap on each range. 

The self-capacity of the colls is taken account of in the calibration of the wavemeter, and 
care is taken that '^e resonant frequency of the coil itself is considerably above the range of 
frequencies over which it is to be used. 


'^5. Mathematical Note. —For a single condenser in parallel with a fixed inductance we have 


ec 


Vc 


-TT J 


KC'* 


IL = -iKC-*/i . or S/= -4 KC-^/». SC = -4/C.BC. 

ac 

lathe error in / corresponding to an error SC in the capacity C. The percentage error is given by 


4 . 


/ 


’ c 


( 2 ) 


This means that a given percentage error in the capacity produces half of that percentage error in the frequency. 
If the error in capacity be assessed at one part in 1,000, the maximum error in frequency introduced would 
never exceed one part in 2,000. 


From (1) of paragraph 4, and (2) we have— 


= K,Be. 


(3) 


This result makes clear the last of the criteria referred to in [d )—^paragraph 4—above; the percentage error 
y X 100 is constant, over the whole scale range. ^ 


6 . Indicating Devices.—The device for indicating when the current in a resonant or wave- 
oieter circuit is a maximum may lake several forms. The commonest are ;— 

(а) A pea lamp. 

(б) A neon tube. 

(c) A thermo-junction and galvanometer. 

(d) A two-electrode valve and galvanometer. 

(^) A triode valve and milliammeter. 

(/■) A luminous quartz resonator. 

(a) A low voltage “ pea lamp " may be inserted in series in the wavemeter circuit, or in 
separate circuit mutually coupled to the main wavemeter circuit. The coupling of the wavemeter 

to the oscillating circuit under test should be so adjusted that 
the lamp just glows when the wavemeter current is a maximum. 
Sometimes a battery is inserted in the circuit to bring the lamp 
very nearly to the glowing point, so that only a small current and 
loose coupling are necessary to bring it to the indicating point. 
Fig. 3 shows a simple wavemeter circuit, with a mutually coupled 
lamp as indicating device. 

(&) The neon tube is connected in parallel in the wavemeter 
circuit, t.f., across the condenser. It depends for its action dn 
the fact that, when sufficient potential difierence is impressed 
across a tube containing neon gas at low pressure, ionisation 
occurs, and the gas glows. When maximum current flows in the 
wavemeter circuit, the potential difEerence across the condenser 
is a maxunum, if the resistance in the circuit is negligible, and, hence, the neon tube serves as an 
indicator of maximum current. 
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Fig. 4 shows a wavemeter circuit using a neon tube as indicating device. The variable com¬ 
ponent in this circuit is the inductance, whidi is a variometer, and so avoids the difficulty of variable 
^S^pping points. The range is altered by switching in different fixed condensers. 



(c) Thermo-junction and Galvanometer. If two wires of certain dissimilar metals are joined 
together, it is found that an E.M.F. is developed across the junction. This is probably due to the 
different concentration of the free electrons in the two metals, which tries to equalise itself across 
the junction. If the other ends of the metal wires are also joined so that a complete electrical 
circuit is formed, an equal E.M.F. will be developed at the second junction ; but as the two E.M.Fs. 
are in opposite directions round the circuit, there will be no resultant E.M.F., and no current will 
flow round the circuit. The E.M.F. produced in this way, however, depends on the temperature 
of the junction, and, within certain limits of temperature, the size of the E.M.F. is found to be 
rouglily proportional to the temperature. If one of the two junctions is now heated so that it is 
kept at a higher temperature than the other, the E.M.F. developed at the hotter junction is greater 
f than that at at the colder junction, there will be a resultant E.M.F., and a current will flow round the 
circuit. This is called the “ Seebeck Effect,” after its discoverer. 

It is found that the resultant E.M.F. is unaffected by including a wire of some other metal as 
part of the circuit, and so a galvanometer, for instance, may be inserted in the circuit without 
altering the value of the resultant E.M.F. The extra resistance will, of course, alter the value of 
the current produced, and, as the thermo-electric E.M.F. is itself small, the galvanometer which 
indicates the size of the current should have a low resistance. 

The utilisation of this effect in an indicating device is shown in Fig. 5. Two fine wires of 
dissimilar metals arc interlinked, and lightly soldered at the junction. The metals steel and Eureka 

were originally used, but copper and Eureka give 
a greater E.M.F., an added advantage being that 
the copper does not ru.st. One pair of ends of the 
two wires is joined through a sensitive galvano¬ 
meter, and the thermo-junction is connected in 
series with the wavemeter circuit by means of the 
other pair. 

The necessary rise in temperature of the thermo- 
junction is provided by the heating effect of the 
radio-frequency current flowing round the wave¬ 
meter circuit. The heating effect is proportional 
10 the square of the current, and so the rise in 
temperature of the junction is greatest when the 
current in the wavemeter circuit has its maximum 
value, t.ff., when the wavemeter circuit is tuned to 
resonance with the oscillatory circuit whose fre¬ 
quency it is desired to measure. In consequence, 
at this setting of the wavemeter condenser. 



THCRMO^JUNCTIOM AND QALVANDMETEP. 

Fig. 

the reading of the galvanometer is greatest 
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The current through the galvanometer is a direct current, due to the unidirectional thermo¬ 
electric E.M.F. produced at the hot junction. It should be clearly understood that no radio-frequency 
ciurent flows in the galvanometer which, as regards such current, is short-circuited by the junction>'' 
As the accuracy of this method depends on the difference in temperature between the hot 
junction and the rest of the circuit, the hot junction should be protected from draughts. To increase 
the sensitivity the thermo-junction may be enclosed in an evacuated glass bulb. The minimum 
loss of heat by conduction and convection will then be experienced, and the greatest rise in tempera¬ 
ture for a given heating effect will be obtained. 

(d) A wavemeter circuit employing a two-electrode valve and galvanometer as indicating- 
device is shown in Fig. 6 



The diode acts in its usual manner as a rectifier, i.e., current only flows when the anode is 
positive to the filament. The D.C. milliammeter in the external circuit from anode to filament 
reads the mean value of the anode current pulses. This will have its maximum value when the 
P,D. between anode and filament is a maximum, provided that saturation current is not reached, 
The E.M.F. is introduced into the wavemeter circuit by an untuned intermediate coupling 
circuit. Maximum current flows in the wavemeter circuit when it is tuned to this E.M.F., and the 
maximum flux then produced induces maximum E.M.Fs. in the coils which give the anode voltage 
and filament current. .When the filament current produced by this means is insufficient, a cell is 
provided which may be switched into the filament heating circuit. 

(e) Fig. 7 represents a wavemeter circuit employing a triode and milliammeter. The wave- 
meter tuning is indicated by the deflection of a milliammeter in the anode circuit of a detector 
valve. The variable condenser is turned until a maximum deflection is obtained. The detector 

valve is used as an anode bend rectifier with 
H.T.+ sufficient negative bias to prevent grid current in 
normal use. The potentiometer across the H.T. 
supplies the grid bias for the valve, and by increasing 
this grid bias a larger “ signal ” is required between 
grid and filament to give a deflection on the milli¬ 
ammeter. This adjustment provides the coupling 
control in the instrument between the tunec^ 
circuit and the indicating device. 

If the wavemeter is severely over-loaded by 
an excessive signal, the large grid swung on the 
detector valve will cause a grid current. This 
grid current, passing through the grid leak, will 
increase the negative bias and move the working 
point further towards the cut-ofi point," and so 
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reduce or limit the rectified anode cunent. This arrangement protects the milliammeter from a 
severe over-load which might bum it out. Very frequently, a special damped movement is fitted 
^||the milhammeter to eliminate, as far as possible, the needle flicker due to variations of output 
from the transmitter caused by supply voltage fluctuations. Needle flicker makes it very difficult 
to tell when maximum deflection is reached. 

(f) Luminous quartz resonators, invented by Giebe and Scheibe, have been in use in Germany 
for several years. These resonators are visual indicators of frequency and may be used to check 
the performance of calibrated circuits, or of a transmitter ; they depend for their operation on the 
well-known piezo-electric properties of quartz crystals. A crystal is lightly held in a metal fitting 
which constitutes one of the electrodes in a gas discharge tube, the other electrode being a wire or 
smaU metal plate near the surface of the crystal, Fig. 8. The usual gas filling is neon at about 
3 to 5 mm. pressure. The metal fitting, holding the quartz, is constructed so that no part of it is 
^ close to the other electrode as the surface of the quartz. 

With the electrodes connected appropriately to a resonant circuit, powerful oscillations will 
cause the neon to glow brightly with the usual insensitive glow discharge between the electrodes. 
If, however, the input is considerably reduced in strength, so that direct glow discharge between the 
electrodes cannot be produced, then a much fainter but very distinct glow appears on the surface 
of the quartz when its resonant frequency is applied. Tins characteristic glow is due to the field 
produced by the piezo-electric charge on the surface of 'he quaitz, and the sensitivity of this visual 
indication of oscillations is about ±0'02 per cent. 

It has been found convenient to mount the resonatois in ordinary 4-pin valve bases, the 
electrodes carrying the quartz being connected, one to the grid pin and the other to the anode pin. 
Fig. 8 shows three samples. The short one, with a horizontally supported bar of quartz, is similar 
in general Ltppearancc to the original German models and is typical of resonators with frequencies 
of about 100 kc./s. The largest type was constructed for lower frequencies of 40-50 kc./s. The one 
with the square crystal slice is designed to work on a frequency of about 3,000 kc./s. 

7. Comparison of Indicating Devices. 

{a) Pea lamp. Capable of moderate accuracy ; cheap and robust. 

(&) Neon tube. Capable of moderate accuracy; fairly cheap and robust. 

(c) Vacuum thermo-junction and galvanometer. Capable of high accuracy; expensive 

and fragile. Slow in action. 

(d) Diode. Capable of high accuracy; cheap and robust. 

(c) Triode and milliammeter. Capable of very high accuracy ; cheap and robust. It is 
more sensitive than a diode and is much more commonly used. In the Service, it 
has completely replaced the diode. 

(/) Luminous quartz resonator. Fairly cheap and robust; gives accurate indication of 
resonance to about one part in 5,000. 

8 . Factors Affecting Wavemeter Accuracy.—^The certain accuracy with which a frequency 
can be measured with a wavemeter is determined by :— 

(а) The frequency discrimination of the instrument. 

(б) The constancy of the variable condenser and other components. 

(c) The temperature coefficients of the various circuit components. 

(d) The exterior coupling between the wavemeter and the transmitter, or receiver. 

9. Frequency Discrimination.—This depends on a number of related factors, the most 
important of which are :— 

(a) The precision with which the variable condenser dial can be read. 

(b) The sharpness of tuning. 
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(а) Accuracy of reading depends on the relative size of the condenser scale, with reference to 

the capacity range which it has to cover. To assist in accurate reading, condensers are usually 
provided with slow-motion devices, and sometimes with verniers. W 

(б) Frequency discrimination depends very much on the accuracy with which the resonant 
frequency may be determined, and this depends on how sharply the current falls on either side of 
its peak value at resonance, i.e., on the selectivity of the wavemeter circuit. 

It is shown in Vol. I that selectivity is governed by two quantities, the ratio of inductance to 
capacity (L/C), and the total resistance or damping (R). 

The question is summed up by saying that, for high selectivity, the power factor of the coil 
^approximately or “ log decrement'' should be small. T 5 rpical “ power factors ” in 

this work range from (say), 0-0015, for a small inductance, to 0-006 for one of the order of 1 henry. 

The resistances in tlie circuit are the high frequency ohmic resistance of the inductance, con¬ 
necting leads and indicating device, and the equivalent resistance of the power losses in the condenser. 
With high quality components, the principal cause of damping may sometimes be the indicating 
device. It may be reduced in various ways. In some cases it is done by arranging the indicating 
device in a separate circuit loosely coupled to the main wavemeter circuit, as shown in Fig. 3 ] the 
equivalent resistance of the lamp is then less than its actual resistance by a factor depending on the 
coupling. With a thermionic tuning indicator, such as a triode and milliammeter operated as an 
anode bend rectifier, the damping resistance in parallel with the tuned circuit is reduced to a negligible 
amount so long as the conditions of operation do not involve the flow of grid current. With an 
indicator as sensitive as this, it is possible to obtain the necessary sharpness of tuning, using small 
and robust inductance coils having a relatively high power factor, rather than by the use of large 
and delicate tuning coils. In one Service case, power factors range from 0*01 to 0-03. 

The nature of the indicating device plays a large part in determining within what limits they 
frequency for maximum current may be estimated. A pea lamp or neon tube, for example, in 
which the brilliancy of the light is the criterion, does not lend itself to such accurate determination 
as an instrument in which a pointer reading may be observed. Moreover, in the case of a wave¬ 
meter employing a thermo-junction and galvanometer, a short time elapses between the heating 
effect of the high frequency current producing the temperature and the thermo-electric E.M.F. 
corresponding to it, and, accordingly, the pointer reading lags slightly on the wavemeter condenser 
variation. A thermionic tuning indicator is free from most objections ; it is very sensitive and has 
no inertia. 

It is important in wavemeter work to distinguish between the two terms, frequency 
discrimination and absolute accuracy.^ This distinction may be made clearer by> 
means of the following figures. The standard frequenc}^ measuring equipment used in H.M. Signal 
School has a frequency discrimination of the order of one part in 150,000 ; the absolute accuracy of 
the reference frequency given by means of a quartz crystal under thermostatic control, is of the 
order of a few parts (three or four) in 10’, 

A t 3 ^ical modem portable absorption wavemeter, in use in the Service, has a frequency dis¬ 
crimination of the order of one part in 2,000. It has an absolute accuracy, including temperature 
effects, of about one part in 300. 

10 . The Constancy of the Variable Condenser and other Components.—It is not, in 
general, necessary that the inductance and capacity of a wavemeter circuit should be accurate^ 
known, since the ordinary wavemeter is calibrated as a circuit by comparison with a standard. 
The question of how the standard is obtained will not be considered here. The important point is 
that the values of the components should not vary from those they possessed in the circumstances 
under which the calibration took place. The inductance and capacity of the indicating device, 
that between the leads, and between the circuit and its surroundings, thus become important in 
spite of their small values. 
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With fixed inductances, most of these effects can be kept constant as far as the total inductance 
of the circuit is concerned. When the op)erating E.M.F. is injected into the circuit by means of a 
^Iptual coil connected to the wavemeter circuit by flexible leads, the length of these should not be 
aKered, nor should they be gathered in a coil for convenience. By keeping them extended at full 
length, their inductance should be the same under all conditions. In modern wavemeters, to 
prevent such alterations, the leads are made stiff, and with wavemeters forming an integral part of 
a modern transmitter, the necessary coupling is under precise control. For an accurate instrument, 
the use of a coupling coil with long flexible leads is most undesirable; it is only permissible in a 
second grade instrument employed in measuring low and intermediate frequencies. 

The capacity presents a more difficult problem. Changes in the value of the variable condenser 
itself, owing to mechanical wear, may be obviated by good design and construction ; a condenser 
may usually be assumed to maintain its accuracy to one part in 1,000 for a reasonable period, including 
temperature changes. The effect of stray capacities to earth of the various parts of the circuit is 
^hore difficult to deal with and generally constituted the final limitation on the accuracy of the 
older unscreened wavemeters. 

Every point not at earth potential in the wavemeter circuit has capacity to earth, and this 
may be large enough to be cumulatively appreciable. The stray capacity of an unscreened wave^ 
meter varies with the position of the wavemeter circuit with regard to its operator (the well-known 
phenomenon of “ hand capacity other apparatus in the room, and the wdls of the room itself. 

Since stray capacity cannot be avoided, the principal object in wavemeter design is to keep its 
value constant and independent of the position of the wavemeter with respect to neighbouring 
objects. This may be achieved to a very large extent by suitable screening. The stray capacity 
is then, almost entirely, capacity to the earthed metal screen, usually shown in wavemeter diagrams 
by means of dotted lines. 

The capacity of the indicating device must also be taken into account. For example, the neon 
tube in Fig. 4 is in parallel with the wavemeter condenser in use. This, or any other parallel capacity, 
'"Would automatically be taken into account in the process of calibration, and would not matter if it 
remained constant. Its capacity, however, depends on the distribution of the electric field between 
electrodes, and this varies with the brilliancy of the glow. The glow at resonance should be adjusted 
to the same brilliancy as it had under the conditions of its calibration ; this is generally the minimum 
glow that can be observed. The adjustment will be effected, of course, by varying the coupling 
between the source of oscillations and the wavemeter. 

In the case of the triode valve and milliammeter, the tolerated differences of inter-electrode 
capacity, in valves of the same pattern, constitute an important source of error. 

The effect on the frequency determination, of a change in instrumental capacity of this nature, 
is most marked when the minimum wavemeter condenser setting is being used; the uncertain 
.^capacity is then a larger proportion of the total capacity. If the wavemeter is one of simple typG, 
With a neon tube indicator, the frequency determination should be made with that value of induct¬ 
ance which necessitates the largest possible condenser setting. 

In the wavemeter circuit of Fig. 7, to reduce the effect of changing capacities in the detector 
valve a capacity potentiometer, Cg and Cg, is used as coupling between the tuned circuit and the 
grid of the valve. The ratio of the capacity Cg to capacity Cg is carefully arranged so that the 
possible error, arising from a change in the valve capacity in parallel with Cg, is maintained within 
specified limits. 

11. The Temperature Coefficients of the Various Circuit Components. —A change in 
^-^perature of the surroundings in which a wavemeter is operated can produce an error which is 
sometimes seriously large. The temperature coefficient of the instrument might be defined as the 
error introduced into a frequency determination by a unit change of temperature." The temperature 
coefficient of the whole is determined by that of its component parts. 

The temperature coefficient of inductance depends on the materials employed and the shape of 
the coils. With careful design, it is possible to produce inductances having temperature coefBcients 
not exceeding one part in 1,000 between working temperatures of 15° C. and 50^ C. 
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It can be shown by a mathematical treatment similar to that in par^aph 5, that an error of 

this nature should not cause an error in frequency greater than one part in 2,000. 

In the case of a condenser, a change in the dimensions of the condenser with change of tempefi' 
ture produces a corresponding alteration in capacity. It has been shown that between working 
temperatures of 15° C. and 50“ C., the temperature coefficient for a brass condenser would be about 
one part in 1,500, producing a corresponding frequency change of one part in 3,000. For an 
aluminium condenser, the temperature coefficients are bigger. 

Warping of any metal parts, or leads, may alter the tuning capacity by an amount only to be 
determined by experiment. Wherever possible in wavemeter construction, coupling capacities such 
as Cl, Cj and Cg of Fig. 7 should be of the temperature coefficientless type. 

The frequency change produced by (say), an increase in temperature, is in the same “ sense ” 
for the changes produced both in the inductance and the condenser. The sum of the two errors in 
frequency produced by changes in the capacity and inductance forming the tuned circuit does not, 
however, account for a quite considerable error in frequency which is observed experimentally 
when wavemeters are subject to change of temperature. In most cases this discrepancy may be 
traced to the variable condenser, and is almost certainly due to the warping of the plates. These 
discrepancies are not regular ones and no real coefficients can represent them. 

Changes of calibration with a temperature of the order of one part in 250 are quite commonly 
observed for a 30° C. alteration of temperature ; in all cases it is necessary to apply a correction 
when observations are taken at temperatures seriously different from that at which the calibration 
was made. 

Instructions for applying a correction for an error of this nature are usually given with the 
curves expressing the results of calibration—the calibration curves. With an ordinary inverted 
frequency scale, one in which the frequency increases with the scale reading, the effect of a rise of 
temperature is to displace the calibration curve to the right. The actual frequency corresponding 
to any scale setting will then be smaller than that given by the calibration curve by an amount ^ 
depending on the change of temperature. Typical figures for a particular type of Service wave- 
meter are the following :— 

A condenser setting corresponding to 100 kc./s. at 78° F. means 99*6 kc./s. at 126° F. 

A condenser setting corresponding to 20,000 kc./s. at 78° F. means 19,900 kc./s. at 125° F. 
These figures correspond to overall temperature coefficients of about one part in 6,750 and one part 
in 5,400 per degree Centigrade respectively, 

12. The Exterior Coupling between the Wavemeter and the Transmitter or Receiver. 

—It is important that the only E.M.F. acting in the circuit should be that which comes from the » 
source. Unwanted “ pick-up " from extraneous sources can only be avoided by the most careful 
screening of all connecting leads, as well as the instrument itself. 

It is also very essential that the coupling between the wavemeter and the transmitter or receiver 
should be a loose one. If it is otherwise, the wavemeter and the circuit to which it is coupled, 
virtually act as one circuit, the resonant frequency is altered and there may even be a pronounced 
double frequency effect. Calibration curves of the wavemeter would no longer be valid. It is for 
this reason that small portable wavemeters using (say) pea lamps as indicators, should never be 
placed so close to an oscillating circuit that the pea lamp glows very brightly ; far greater accuracy 
of reading will be given with loose coupling, and the glow of the pea lamp barely visible. 

In the case of wavemeters which form an integral part of transmitters, the requisite loosenesfc 
of the coupling will be an essential feature of the design. 

13. A Modern Type of Service Absorption Wavemeter.—The simplified circuit diagram 
of Fig. 9 represents the general electrical features of a portable absorption wavemeter used for 
tuning transmitting sets, or, in conjunction with a local oscillator, as a heterodyne wavemeter for 
measuring the frequency of incoming signals,, and calibrating receiver outfits. 
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circuit consists of a coupling wave (I), the output of which is loosely coupled to a tuned 
circuit (3) and (4) which is, in turn, loosely coupled to a detector valve (2). The grid of the coupling' 
v^ve (1) is connected to the transmitter, or other source of oscillations, by connecting a lead between 
*4ipe transmitter and the input terminal (5) on the wavemeter. The wavemeter tuned circuit consists 
of a tapped inductance and a variable condenser (0-5 jar). It will be seen that the tuned circuit 
is linked both to the coupling valve and to the detector by means of the capacity potentiometers 
formed by condensers (b)/(7) and (8)/(9) respectively. The use of the latter, in the case of the 



detector valve, has already been referred to in paragraph 10; the ratio of the capacity of (8) and 
(9) is important, since a minimum ratio must be maintained in order to prevent changes in the 
constants of the detector valve from affecting the calibration of the wavemeter. Similar con¬ 
siderations of accuracy impose a minimum ratio on the capacities of condensers (7) and (6). In the 
diagram, condenser (6) is shown as being variable ; this enables the input to the tuned circuit to be 
adjusted as the frequency alters, and, in practice, condenser (6) consists of a number of fixed con¬ 
densers. Condenser (6) is fixed for any one range ; it varies from range to range and, for this reason, 
the diagram shows the “ coupling condenser selector switch ganged to a tap on the inductance. 
The representation is not a perfect one, and does not show that the same condenser sometimes does 
duty for two or more ranges. The condenser coupling prevents the complications which would 
arise if mutual coupling with coils were used, and the selection of suitable condensers (6) for each 
range position is equivalent to changing the coupling coils in a system utilising mutual coupling. 

Vi^en the wavemeter tuned circuit is in resonance with an incoming signal, maximum oscillatory 
voltage will be developed across it and will produce maximum reading in the D.C. milliammeter in 
the anode circuit of the detector valve (2), in the way to which reference has already been made 
in paragraph 6. 

The triode valve and milliammeter introduces so little damping into the tuned circuit that, in 
practice, it is found possible to design the latter employing robust inductance coils of relatively 
small diameter, and with a relatively high '‘power factor" (paragraph 9). 

Coupling to the source of oscillations is made by a single lead from the coupling terminal (5) 
taken to some point at high oscillatory potential, to which it is coupled by a very small capacity. 
With a powerful transmitter, the stray capacity to a few inches of lead from the terminal (5) is 
sometimes sufiBcient; in very low power sets it can sometimes be obtained by twisting a few inches 
6 f insulated coupling lead around the aerial wire. Condenser (6) also constitutes the fine adjust¬ 
ment coupling control within the wavemeter. In order to limit a change in effective capacity of 
the wavemeter circuit caused by changes in the capacity to earth between the coupling valve and 
the coupling lead from terminal (5) to the transmitter, a fixed condenser (10) is introduced into the 
lead from terminal (5) to the grid of valve (1). Its capacity is usually of the order of 40 ini/. 
Resistance (II) is an ** anti-parasitic " resistance, inserted to prevent spurious oscillations. 
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With the help of a local oscillator, the wavemeter employing this circuit may be used as a 
heterodyne wavemeter to measure the frequency of a distant incoming signal. The procedure is 
to tune the local oscillator, which may be used as a receiver, until its frequency is the same as that 
of the incoming signal; this is done by tuning the oscillator to the “ dead space " (zero ^at wiflj 
the signal). Having tuned the oscillator to the same frequency as that of the signal, it is only 
necessary to couple the oscillator to the wavemeter input, in order to measure the frequency of the 
incoming signal. This, in principle, is the method involved, but in practice it is not always easy 
to tune the oscillator to a “ dead space ; this is particularly so in the case of M/F, where the tuning 
is coarser. 

With carefiil use, a wavemeter of this kind is capable of an accuracy of about one part in 500, 
including temperature change effects. 

14. Oscillators.—^With reference to paragraph 1, a local roughly calibrated oscillator is 

required for the following purposes ;— ^ 

{a) In conjunction with a wavemeter, for setting a receiver to a desired frequency. The 
wavemeter is used to tune the oscillator that injects the signal by which the 
receiver is tuned. 

(6) As an accessory for use with a wavemeter, to assist in the process of measuring the 

* frequency of an incoming signal from a local or distant transmitter. This process 

is one which, in technical details, will difier with the nature of the oscillator. 

Oscillators are merely roughly calibrated low power transmitters. Their circuits have the same 
distinguishing characteristics as those which serve as a basis of classification for transmitters 
(Section K). 

15. Oscillator with a Self-Quenching I.C.W. Circuit.—Fig. 10 represents the electrical 
features of a C.W. or I.C.W. oscillator, the audio-frequency modulation, in the case of the latter, 
being produced by a “ squegging " or self-quenching method. The self-oscillatory circuit is of ' 
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conventional t 3 qpe, the feed back to the tuned grid being obtained from the coupled coil in the anode 
lead. Two grid leaks are provided, either of which may be introduced by means of a 2-way change- 
ever switch marked “ quench/’ and “ C.W.” One grid leak has a much higher resistance than the 
Oiiipr. When the leak of lower resistance is in circuit, C.W. oscillations are produced; with the 
leak of higher resistance, the grid runs so far negative that I.C.W, oscillations are produced with an 
audio-frequency modulation, the actual frequency of which depends upon the CR value of the 
grid leak and condenser combination. 


TIME 



Fig. 11. 



EFFECT OF INCREASE OF DAMPING 
Fig. 12. 

An instrument of this nature may be used as an oscillating receiver in both the “ quench ” 
and “ C.W.” positions. In the C.W. position, the oscillator acts as an autodyne receiver, i.e., 
it is mis-tuned by an audio-frequency amount to the incoming signal. In the quench position, 
the presence of an incoming signal is indicated by a rise in the pitch of the note heard in the telephones, 
the rise in pitch being a maximum when the oscillator is tuned to the incoming signal. 

. The cause of the rise in the pitch of the note heard in the telephones which enables an oscillator 
iri the quench position to detect incoming signals, is treated more fully in the section dealing with 
Super-regenerative Amplification (Section F). As a receiver, it is sometimes called a “ howling 
squegger.” Briefly, its action is due to a decrease in the audio-frequency period of grid voltage 
variation, produced because the energy supphed by the incoming signal allows the circuit to start 
self-oscillations at a more negative mean grid voltage than when all the energy must be supplied by 
the oscillatory circuit itself. This is illustrated in Fig. 1 ]. 
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The effect of hurrying up " the audio-frequency cycle of operations would also be produced 
if the oscillations could be quenched at a more positive grid voltage than normal, provided that 
the mean grid voltage for the commencement of oscillations remains the same. There would then 
be a smaller negative charge on the grid when oscillations were quenched, and a shorter perjflH 
would therefore elapse before this charge had leaked away sufficiently to bring the grid up to the 
potential at which oscillations would start to build up again. The audio-frequency period of grid 
voltage change would be decreased, and a rise in the pitch of the note heard in the telephones would 
be observed. This case is illustrated in Fig. 12. 

This effect may be produced, in practice, by increasing the damping of the grid oscillatory 
circuit by coupling a tuned circuit to it. The extra resistance does not noticeably affect the grid 


voltage at which oscillations start. 


Mg 

The condition for generation of oscillations is —> R. 


The 


slope of the static mutual characteristic, g„, is increasing so rapidly at this grid voltage that an 
undetectably small decrease in negative grid voltage enables the condition to be fulfilled, in spite 
of the greater value of R. 

The effect of the increased damping in altering the grid voltage at which self-quenching takes 
place is much more marked ; g„ is, then, the average slope of the dynamic characteristic, and this 
varies very little with change in mean grid voltage at large negative grid voltages. It thus becomes 
too small, to enable oscillations to be maintained, at appreciably more positive mean grid potentials 
as the resistance of the oscillatory circuit increases. Thus, the greater the damping, the higher is 
the pitch of the note heard in the telephones. 

Advantage is taken of this fact to calibrate an osciUator producing LC.W. by self¬ 
quenching action. 

If a wavemetcr is magnetically coupled to the oscillator working in the quench position, 
maximum damping will be introduced into the oscillator circuit when the wavemeter circuit is in 
tune with it. Accordingly, adjustment is made to the variable condenser in the oscillator circuity 
until the greater rise in pitch of the note heard in the telephones is observed. When this is the 
case, the two circuits are in tune at a frequency determined from the wavemeter calibration curves. 


16. Uses of an Oscillator and Wavemeter Combination.—^A wavemeter circuit designed 
for use both as an ordinary wavemeter and for working with the oscillator referred to above, is 
shown in Fig. 13. 


oseiLLATon Calibration 

r—1 
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The coupling coil, with its stiff connecting leads, may be connected in either of two {^sitions, 
as shown. The “ full line " drawing shows the coupling coil in the “ wavemeter position." A metal 
"ontact, which is carried on one lead but is insulated from it by an ebonite block, completes, in this 
jl^ition, the circuit containing the indicating device, a lamp. The switching arrangements in 
the main wavemeter circuit for altering the range should also be noted. 

When used for calibrating the oscillator described above, the dotted line position of the coupling 
coil is used. The indicating device is, then, the telephones in the osdi ator circuit, and the lamp is 
not required. The lamp circuit is therefore broken, to decrease the damping and so sharpen the 
tuning of the main wavemeter circuit. The wavemeter is set to a pre-determined frequency, and 
the frequency of the oscillator, in the self-quench position, is varied until the greatest rise in pitch 
of the note heard in the telephones is observed. 

The two positions of the coupling coil necessitate two sets of calibration curves for this instrument 
siince in one case the pea lamp circuit is closed and in the other it is open. 

Once the oscillator has been calibrated in the above manner, it is a simple matter to tune a 
receiver to the same frequency. It is necessary to arrange a loose coupling between the receiver 
and the oscillator. The receiver is used in the oscillating condition and it is tuned until a note is 
heard. Using the telephones in the anode circuit of the oscillator, further adjustments are made 
to the tuned circuit of the receiver until a distinct rise in notf is heard in the telephones. 

The above method of tuning a receiver is inclined to be a little slow. A more rapid way, 
although less accurate, is to use the calibrated o.scillator in the C.W. position. Using the phones on 
the receiver the signal from the oscillator is tuned in to the dead space. I'his procedure is less 
accurate than the one first described because the oscillator is Calibrated in the quench position ; in 
changing to the C.W. position, a change of grid leak is involved and the error in frequency may amount 
to 1 per cent. If the receiver is of the non-oscillating type, the oscillator must be capable of 
producing I.C.W., i.e., in this case it must be used in the quench position. 

In the above process, the oscillating receiver constitutes, virtually, a low power transmitter. 
A transmitter, in the C.W. position, may thus be set to a pre-determined frequency by making 
adjustments on it until the telephones in the oscillator indicate the middle of the dead space ; the 
oscillator is used in the C.W. position. 

A more accurate method is to use the oscillator in the quench position, and make adjustments 
on the transmitter to give a maximum rise of note in the "phones of the oscillator." 

The process of measuring an unknown incoming frequency may be outlined as follows :— 

(а) Tune an oscillating receiver accurately to the incoming signal. In the case of a C.W. 

transmitter, the receiver is adjusted until reaching the centre of the dead space. 

^ For an I.C.W. transmitter, the tuning is varied until loudest undistorted signals are 

heard in the telephones. In any other setting at least two notes will be heard, one, 
the I.C.W. note of the transmitter, and the other, a beat note between the trans¬ 
mitter and the local oscillator. Actually a confused " mush ” of sound is heard. 
This " clears up " to give a true note when the oscillating receiver and the trans¬ 
mitter are in tune. This note is also the loudest, for when the transmitter and 
receiver arc in tune, the maximum current will be produced in the tuned circuit by 
the E.M.F., due to the transmitter. 

(б) With the oscillator in the quench position, adjust the frequency until a rise in the 

pitch of the note due to the oscillating receiver is observed in the telephones of 
^ the oscillator. Adjustment is continued until the rise in pitch has its maximum 

value. 

(c) The oscillator is now coupled to its appropriate wavemeter, and the latter is adjusted 

until a maximum rise in pitch of note is again observed in the 'phones of the 
oscillator. 

(d) From the setting of the wavemeter, and its calibration curves, the exact value of the 

frequency of the incoming signal may be determined. 
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When the incoming signals are strong, the frequency may be measured directly by using the oscillator 
as a receiver. 


17. Oscillator, with Separate A/F Modulating Valve. —^Fig. 14 represents the simplii 
circuit details of an oscillator, designed for work in conjunction with the wavemeter represented 



Fig. 14. 


by Fig. 9. It differs from the oscillator described above, in the circuit arrangements by which 
self-oscillations are produced, in the method of producing I.C.W., and quite considerably in its 
method of use. 

The oscillator had to cover a large frequency range, and, for this reason, a Hartley circuit was 
adopted. In standard terms, the circuit is described as having a tuned circuit (3) and (4) between 
anode and grid, direct inductive grid excitation ; it is also series fed. The grid tapping has been 
kept as low as possible in order to minimise the proportion of higher harmonics in the output. The 
small resistance (5) in the anode lead to valve (1) is there in order to prevent parasitic oscillations 
in the connecting lead. The resistance (6) and R/F by-pass condenser (7) together constitute the 
decoupling arrangements. The R/F oscillatory circuit is coupled to the wavemeter through a 
small condenser (8), and to the receiving aerial by a small condenser (9). Condenser (4) is ganged to 
condenser (8) in order to reduce the coupling to the wavemeter as the oscillatory circuit becomes 
stiller. 

Valve (2) is an audio-frequency oscillator, and coil (16) serves to modulate the H.T, supply to 
valve (1) when it is desired to produce I.C.W. The circuit is of conventional tuned anode type, with 
mutual inductive grid excitation. The anode coil (11) in parallel with condenser (10) gives a fixed 
tuning of approximately 500 cycles per second. Coupled to the anode and grid coils is an addition^ 
winding (16) on the iron cored coil, across which is connected a telephone earpiece tuned by condenser 
(13) to 500’cycles per second ; the functioning of this earpiece is controlled by a key, and the object 
of the fitting is to produce an audible 500 cycle note in air, to obviate the necessity for having a 
tuning fork to do the same thing. The H.T. supply to the audio-frequency valve (2) is decoupled 
by cb^ke (14) and the large electrolytic condenser (15); the low tension supply is similarly decoupled. 
Telephones are provided n order that the oscillator may be used as a heterodyne receiver. 
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This instrument has the same uses as those of the oscillator already described, but its mode of 
operation is simpler. Since it is not calibrated, it most always be used in conjunction with its 
sOTropriate wavemeter. 

To calibrate or set a receiver, the desired frequency is first set on the wavemeter, with the 
help of its calibration curves. The wavemeter is coupled to the oscillator and the latter is adjusted 
to give maximum deflection in the milliammeter; this sets the oscillator at the same frequency as 
the wavemeter. Finally, the oscillator is coupled to the receiving aerial, and the receiver is tuned 
to the incoming signal. Throughout this operation the oscillator should be in the I C.W. position, 
in order to produce an audible note in the telephones of the receiver without the necessity for hetero¬ 
dyne reception. 

To measure the frequency of a strong incoming signal, such as that from a local transmitter, a 
simple method is to use the oscillator as a heterod 3 me receiver. Jsiiig telephones in the oscillator, 
the latter is adjusted to the dead space. The oscillator is then coupled to the wavemeter and the 
frequency measured in the usual way. 

In general, the measurement of the frequency of an incoming signal involves the use of a 
separate receiver. The receiver is tuned to the signal frequency using its own heterodyne ; in the 
case of I.C.W. it is tuned to the frequency of the carriei wave—paragraph 16 {a). The roughly 
calibrated oscillator is then substituted for the heterodyne belonging to the receiver, and, finally, 
the wavemeter is used to measure the frequency of the oscillator, i.e., the frequency of the incoming 
signal. The process of adjusting the oscillator to the “ dead space ” is an easy operation at H/F 
but a more difficult one at M/F, where the tuning if relatively coarser. If the dead space is at all 
wide, it is difficult to determine the exact “ zero beat " position in the middle of it and, in practice, 
a modification of the procedure is necessary for frequencies below about 100 kc./s. Instead of 
trying to tune the oscillator to the dead space, it is deliberately mis-tuneil by an arbitrary amount 
in order to give an audible beat note. The oscillator frequency may be arranged to be either above 
or below the signal frequency ; in each case, by adjustment the same note could be obtained. By 
taking the mean of the condenser settings giving the same beat note above and below the signal 
frequency, the exact position of the centre of the dead space can be obtained. Any convenient 
note could be taken, but in practice a 500 cycle note is used. To facilitate this adjustment, the 
telephone earpiece in the oscillator is set to emit a 500 cycle note in air; its function is only that of 
a tuning fork. If the beat note, as heard in telephones attached to the receiver, is out of tune with 
the 500 cycle note travelling in air from the earpiece, audible beats between the two will be produced. 
The operator then adjusts the frequency of the oscillator until the sensation of beats no longer is 
hit \ with a little practice, this is an operation which is susceptible of the highest accuracy. 'It will 
usually be convenient to listen to the signal in the receiver using one earpiece only, leaving the other 
*ear free for the reception of the note travelling in air from the " tuning fork equivalent in the 
' liscillatar. The “ note " is only required when the oscillator is in the C.W. position. 


18. Standard Frequency Transmissions.—In order to facilitate the checking of the per¬ 
formance of calibrated apparatus, wavemeters, and some of the older directly calibrated oscillators 
used as heterodyne wavemeters, certain stations belonging to the three fighting Services ransnu 
standard frequencies, to a definite programme, once oi twice a month. 

It is usual to set the transmitter as closely as possible to the desired wave frequency, and then 
to check the actual frequency of the transmitted signal by means of a standanl wavemeter. A 
message is then sent out advising stations concerned what wave frequency has actually been 
tr^smitted. ■ . ^ 

The standard waves actually sent out are recorded, in the first instance, using a receiver, MQ 
the roughly calibrated oscillator for heterodyne purposes. This gives a ^ries of reference 
and further points may then be obtained as follows. Set any convenient C.W. transmitter accurately 
to zero beat with any one of the “ spot frequencies " (say) 250 kc./s., obtamed t e s an r 
frequency transmission. Now set the oscillator to give approxiiMtely double tl^ requOTcy. 
will be found that a note can be heard in the 'phones of the oscillator which is due to he secon 

a 
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harmonic of the original dsdOation; all transmitters produce harmonics. A second ref^neii point 
(900 kc./s.) can now be obtained by carefaUy adjusting the oscillator to zero beat w^ this seoofiid 
harmonic. j 4 

The new reference point corresponds to a wave frequency of twice the original frequency; 
ethers corresponding to three or four times the original frequency can be determined in the same 
way. Similarly, a further series of reference points may be obtained by tuning the transmitter to 
wave frequencies of 1 /2 and 1 /3, etc., of the known frequencies. In this manner the whole scale Of 
wave frequencies used in the Service may be covered by starting from the few standard wluves 
originally transmitted. 

19. Tuning of Emergency Spark Attachments.—Most modem transmitters designed for 
use at sea, include a small emergency spark attachment. Its primary circuit may be tuned by 
means of a very loose coupling to any convenient wavemeter. Finally, the aerial circuit may Ije 
tuned by the simple process of adjustment until the aerial current is a maximum. 


20. Measili'ement of Aerial Inductance and Capacity. —In a transmitter with a directly 
coupled aeiial, the aerial constants form an integral part of the tnned LC circuit. Their value may 
be measured by making a known change in the value of either the inductance (L) or capacity (C), 
and measuring by wavemeter the resulting change in frequency. The method is as follows. The 
frequency Of the aerial circuit is determined. The known alteration is then made in the aerial 
inductance, and a second frequency is determined. From these two results the two unknown 
quantities can be calculated as shown in the following example. 

In a valve transmitter with 180 mics. in the aerial circuit, the resonant frequency was 600 kc./s., 
and with 300 mics. added it fell to 400 kc./s. Find the aerial inductance and capacity. 


(L., + 180) o - 


9 X 10» 10* 

47t» X 36 X 10* “ 1671“ 


(I. 


180 (- 300) a = 


9 X 10® 

47r“ X 16 X 10* 


9 X 10* 
4 X 167t“ 


300£t = 


9 X 10* 
4 X IOtt® 


a 


1671* \4 V IGrr* 


5 X 10* 
6471* 

5 X 10* 

3 X 647r* 


0*264 jar. 


Lo« + 180 = 




10* X 3 X 
5 X 10* X 167t» 


240 mics. 


. ■ , Lj, = 60 mics. 

In the laboratory, the self-inductance and self-capacity of a coil may be measured by a method 
employing the same pi^inciple. 


EXAMINATION QUESTIONS ON WAVEMETERS. 

1. Discuss^ in general terms, the factors influencing the overall accuracy of wavemeters. Describe 
the action of a thermo-junction and galvanometer as an indicating device." 
(Qualifying for Lt. (S), 1934.) 
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2 , Describe a method of determining the self-capacity of a coil using a wavemeter. Fram the 

following measurenieiite. toJcen in an experiment* deduce the self capacity of the coil:— 

3(iniijJ^) .... 10 .20 30 40 50 

X(mmetres) .. .. 3-67 4-49 5-16 5-70 6-32 X 10* 

(Qualifying for Warrant Tels., 1934.) 

3. Describe the construction and principle of action of a resonant type of wavemeter suitable for 

measuring the wavelength of a spark transmitter. What precautions should be taken to 
minimise error when using the instrument ? 

(C. & G., later., 1933.) 

4. Describe the construction of a simple type of wavemetei suit.ible for measuring the wavelength 

of a spark or I.C.W. transmitter. How would you use such a wavemeter in conjunction 
with a buzzer and inductance to compare the capacitances of two condensers ? 

(C. & G., Preliminary, 1935.) 

5, A wavemeter consists of a variable condenser having a range from 50 to 1,000 fipF, and two 

coils of 300 and 100 mics. respectively. If the ai e fixed so that their mutual inductance 
is 25 mics., what range will the wavemeter have when the coils are used in (a) series aiding 
(6) in series opposing ; (c) in parallel aiding ; (d) in parallel opposing ? 

(I.E.E., 1933.) 
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THE DECIBEL AND THE NEPER. 

1. Historical. —^The “ decibel'' is the 1 /lOth part of a “ bel " (after Alexander Graham Bell, 
inventor of the telephone sounder), a unit in which one may express power ratios, and gain or loss 
ratios of related quantities such as current and voltage. It originated in line telephony in 1923, 
when the American Telephone and Telegraph Company introduced a new unit, then called a 

transmission unit ; this was to replace an older conception based on a ratio comparison between 
the decrease in signal strength produced by the given telephone line, and that produced by a “ mile 
of standard cable " In 1924, an international advisory committee on long distant telephony in 
Europe, together with the representatives of the Bell system, agreed to recommend their countries 
to adopt as standards 

EITHER the “ bel,” a unit based on logarithms to the base 10 , and equal to 10 of the American 
Company's “ transmission units," 

OR the ** neper ” (after Napier), a unit based on Naperian logarithms to the base e. 

The growth in popularity of the decibel, since 1929, has been so great that it is now almost a house¬ 
hold word throughout all branches of Electrical Engineering and Acoustics. 

2. Definitions. 

THE DECIBEL :—Two powers and Pj are said to differ by N “ bels " when— 

J = 10 *^ i.jj. N = logio ^ . in bels. 

Or in words—“ The logarithm to the base 10 of the ratio of the powers, gives the gain or 
loss in bels." If P^ = P^, then N = 0 . ^ 

In practice, a unit of one bel is found to be inconveniently large, and the 1/lOth part of 
it—the decibel—is more often used. Using the smaller unit we have— 

= 10 ® “^ or N = 10 logi 0 ^ . in decibels. 

The basiejpower ratio is 10 ® ^ that is, 1*259. 

THE NEPER Two powers P^ and P^ are said to differ by N nepers " when— 

?|=(er= 10 » 

' • (p^) ~ N = J log, ^ . in nepers. 

Any ratio in db. may be readily converted to nepers, for example 60 db.— 

p 

We have log,, ^ 6 bels. 

p 

• ■ • 4 log. p" = 2-3026 X 6 X 4 = 6-907 nepers. 

The neper is used in some European Countries, but is less commonly encountered than the 
decibel. ^ 

3. Cables, Amplifiers and Attenuators.—With these units, if the signal strength of a 
cable signal is 1 /10th of that at the transmitting end, the loss is I bel. With two similar cables in series, 
the received signal would be 1/lOOth of the transmitted one, and the loss would be two bels. 

In any amplifier, if the output power is 100 times the input, the “ gain ’’ is two bels or 20 db ; 
with two such amplifiers used in series, the gain in power ratio would be 10,000 : 1, or 40 dbs. 
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One of the many advantages of the decibel is that the enormous ranges of power involved in 
communication work can be expressed in figures corvenieiitl}^ small, instead of astronomically 
ones. 

In the above example, it will be noted that the nett power ratio of two amplifiers in scries 
involves the product of their individual power ratios, but only the sum of their decibel equivalents. 
This is due to the logarithmic nature of the unit employed. 

An attenuator may be regarded as the converse of an amplifier, and its power loss may be 
described in similar units. If two stages of amplification, one of p and the other of q dbs. is followed 
by a line having attenuation of s dbs., the nett level at the output of the system will be 
(p + q — s) dbs. above the original input level. 


4. Voltage Gain in Dbs.—In geneial, two powers Pj and Pj will be compared by observing, 
i?Uher, the voltage developed across a given impedance, or, the rurrent througli it. If the input 
ind output impedance of (say) an amplifier are equal, the power ratio will be proportional to 
the squaie of the voltage (or current) ratio. 



i.e. N = 10 login = ^0 logm .in dbs. 


or N = 20 logjo .in dbs. 

The voltage or current ratio relation is very frequently misused to describe a power ratio, 
without regard to the necessary condition of equality between the input and output impedances. 
For example, it is not necessarily correct to say that an amplifier with a V.A.F. of 100, has a power 
>^ain of 40 db., when its “ voltage gain ” is given by that figure. Under proper conditions, however, 
an amplifier having a V.A.F. of 1000, or a power ratio of 1,000,000, would have a power (or voltage) 
gain of 60 db. 


Power and Voltage Gain Ratios Expressed in Decibels. 


Dbs. 

Power ratio. 

Voltage ratio. 

Dbs. 

Power ratio. 

Voltage ratio. 

0-1 

1-023 

1-012 

6-0 

1 

1 3-98 

1-995 

0*2 

1-047 

1-030 

70 

5-01 

2 - 23 B 

0-3 

1-072 

1-035 

8-0 

6-31 

2-456 

0-4 

1-096 

1-047 

90 

7-94 

2-603 

0-5 

1-122 

1-059 

10-0 

10-0 

3-102 

0-6 

1-148 

1-077 

20-0 

100 

10-0 

0-7 

1-175 

1-084 

30-0 

1,000 

31-62 

0-8 

1-202 

1096 

40-0 

10,000 

100 

0-9 

1-230 

1-109 

50 0 

100,000 

316-2 

1-0 

1-259 

1-122 

60-0 

1 . 000,000 

1,000 

20 

1-585 

1-259 

70-0 

10 X 10 " 

3-162 X 10 » 

3-0 

1-995 

1-412 

80-0 

100 X 10 “ 

10 ‘ 

4-0 

2-510 

1-585 

90-0 

1,000 X 10 * 

31*62 .. 10 " 

50 

3-160 

1-778 

100 -U 

10,000 X 10 " 

10 » 


Interpolation is easy; for example, 15*2db. = 10 -f 5 1- 0*2, which gives a power ratio 
10 X 3-16 X 1-047 = 33-2. 


5. Absolute Power Above an Arbitrary Datum—Decibel Meters. —It is clear that the 
decibel is only a relative unit of power level; it is a ratio. If it is possible to arrive at some standard 
power as a “ zero level,'* or datum of reference, then the absolute power may be expressed in decibels 

s3 
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Above the chosen idatuipi* Various dAtum levels IjAve hm^ ^chosen /«r ,difierent purpose?, wd i milli- 
inratt, J6 miili-watts, mi 12*5 milli-watts have l^n used in many c^s. The ;sero output Jw4 of 
1 xnilli-watt is frequently chosen for telegraphy work in radio engineering. In some recent sen^irivjjjk^ 
tests on a Service receiver, an output gf 1 milU-watt at the tel^bwe teriniflSls, wfeen uemg two 
stages of note magnification, was taken to correspond to a good R9 signs! at the detector valve. 
In the same tests, mput voltages between aeria) and earth terminals were expressed in db. above 
i micro-volt as datum (ref. K.30). 

A receiver output power meter is essentially an A.€. voltineter, calibrated in decibels with 
reference to the power passing into a load of definite impedance, contained within the instrument 
and replacing the normal one. With an impedance of (say) 1000 ohms and a zero kvel of 1 milli¬ 
watt, the voltage to be measured would be equivalent to 

VO-OOl^ fOTO = 1 volt R.M.S. 

For modem broadcasting telephony receivers, zero level in most output meters is fixed bt 
50 milli-watts. ITiis is held to represent the weakest output to have any loudspeaker programme 
value. Scales are usually marked in milli-watts and decibels ; powers less than 50 milli-watts 
would be given negative readings in dbs. For a maximum scale reading of 4000 milli-watts 
the power ratio is 80, and the point would therefore be marked 19-0 db. In good instruments 
the impedance may be adjusted to match the valve. 

6. The Human Ear Justifies the Decibel. —The adoption of a new and unfamiliar unit to 
describe power ratios was not simply due to a desire to substitute small numbers for big ones ; the 
origin of its size and logarithmic nature may both be traced to the peculiarities of the human ear. 
The power used by electrical apparatus employed in wireless, or other signalling services, is closely 
related to the power in the form of sound which it usually produces. From this inter-dependence 
between the twin sciences of acoustics and electrical signalling, it may readily be understood that 
the units employed by the one should be adjusted partially to fit the requirements of the other,- 
The decibel is a particularly convenient unit for measuring ratios of sound intensities. 

7. The Unit Power Ratio and the M.S.C. —Prior to 1923, in telephony practice the M.S.C. 
(mile of standard cable) was defined as the difference in loudness in an 800 cycle note, perceived 
by an observer comparing the notes from two equal telephones, one at the input and the other at 
the output end of a mile of standard telephone cable."' The observed difference in loudness corre¬ 
sponds very nearly to a difference in power of 20 per cent, and, from this, the suggestion arose to 
use a standard power ratio step of 10®'^; this gives a difference of 10®’^ — 1, that is, about 25-9 per 
cent. This percentage change in the loudness of u monotone is an easily audible one; 
it is, however, only slightly greater Ujan the minimum audible change of intensity. It needs 
a well-trained ear to detect a change in loudness of as little as 10 per cent., which is usually 
regarded as the lowest figure. Indeed, for most acoustic purposes, the decibel is defined as the 
least ratio of sound intensities that can be appreciated by the human ear. 

8. Logarithmic Response of the Human Ear—Fi4elity Guryev*—^An absolute measure 
of the intensity of sound of a pure tone travelling \n air cw other mpdium, can be obtained in various 
ways and expressed in terms of 

(а) the R.M.S. pressure in dynes/cm.^ produced on a (fiaphragm placed in the path of 

the waves, or 

(б) the amplitude of the oscillation in cms., or 

(r) the number of watts or milli-watts crossing an area of 1 cm.® at right angles to the 
direction of propagation. 

If the loudness of a tone is increased, the amplitude increases, and also, the rate of dissipation of 
ener^ in the form pf sound. 

It is found that, no matter what may be the absolute value pf tfie intensity of any sound, 
sensitivity of the ear is such that the same percentage change of the original intensity 
will always produce the <^ine relative alteration of the " loudness sensation ** at the ear. 
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li a^l ktete^t of Intensity by 10 times produces 
ar gtvtn eiffect at the ear, a further increase of 
to times, that is to say a total of 100 times« will 
produce twice the e:^C at the ear. Mathe¬ 
matically, this implies that the ear responds 
logaritlimically to sounds of different intensities 
(i.e., powers), or that a logarithmic graph will be 
obtained if sound intensity'' is plotted alon^ 
the -y-axis, and " sensation ot loudness " plotted 
along the -x-axis. The curve is similar to that 
obtained on plotting y= 10^ Fig. 1. In a 
graph of this nature, equal percentage increases 
in the value of y give equal increments along the 
-x-axis. Considering the output of wireless 
receivers, the justification of the decibel notation 
is that a change in output from 8 to 40 milli-watts (7 db) would seem to the ear identical with the 
change fiom 40 to 200 milli-watts, since the power ratio is again 5:1. 

It is interesting to note that, in addition to the aural lesponsc to power being logarithmic, the 
ear also responds logarithmically with respect to pilch (le., frequency). The graph of frequenry 
plotted against '‘musical interval " along the -x-axis would be similar to that of Fig. 1. Tones 
separated by an octave have a frequency ratio of 2 and are detected by the ear as being similar 
musical intervals The various C's on a piano would appear equally spaced along the -x-axis of 
a graph like that of Fig I. 

Fig. 2 shows an amplifier fidelity curve. It represents the differential amplification of all 
frequencies in the usual A/F range. Ideally, an amplifier should amplify all frequencies equally 
, well, and, in that case, the 
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fidelity curve would be a straight 
line. This curve shows that with 
reference to the output at 500 
cycles, frequencies below 200 
cycles arc not equally amplified. 
The graph gives a true repre¬ 
sentation of the fidelity with 
Which the amplifier treats the 
various frequencies. At one time, 
these graphs were plotted using 
a voltage ratio scale along the 
y-axis ; since the ear is logarith¬ 
mic in action, curves of that 


rAceueNcv-fkcspaNse cuitve^ 6 faiii mPLiriM 

(a) IM Occibcl^ 

(jlr) </6Lt4CE HAtios 

Fig< 2. 


nature cannot represent truly the 
aural effect, and give a wrong 
impression of the performance of 
the apparatus. For example, at 
4000 cycles, the full curve shows 
the Voltage ratio as being BO per 


cent., or 1-25 taking the reci- 
pri^Sl ; corresjjfUndlhg i6 tMs Vbltage ratio, frotn the table we obtain approximately 2 dbs., and 
theVjtted curve accordingly passes through the point -2 db. 


9. PoWet in Sbtmda-^-Detilbel Level— -Totib Control. —^The sensitivity of the ear varies 
with the frequency and also with the level *' at which the sound is produced. For any normal 
^rson there is a minimum Soutid Intensity fbr eath frequenty, below which nothing is heard. 
Fig. J is due to Fletcher and MnhSoll ; the lower tunre shows the relative variation In level of the 
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** threshold of audibility " over the ordinary A/F band. The level at 1000 cycles is arbitrarily 
marked 0 and is taken as a zero or datum level. 

Ordinary conversation is approximately 60 db., above the threshold of audibility. Tbc 
curves may be termed ” equal loudness curves/' and show the relative insensitivity of the ear/to 

low notes when the intensity level is low. 
In the case of the curve 0, a just audible 
tone at 100 cycles has a sound power 
about 38 db. above a similar one at 
1000 cycles. 

At an intensity level of 60 db. at 
1000 cycles, an equally loud tone at 100 
cycles would only differ in power by about 
12 db. For very intense sounds over 
about 90 db., the ear appears almo^ 
uniformly sensitive over the above fre¬ 
quency range. Still more intense sounds 
are felt rather than heard, and there is, 
in fact, a boundary called the “ threshold 
of feeling." From the practical point of 
view it follows, that a voice cannot sound 
natural unless it is reproduced at its 
natural level. When this is not possible, 
or desirable, the volume control is turned 
up and the intensity level is raised; 
although the relative power content may 
remain the same, the increased sensitivity 
of the ear to the lower notes produces the well-known and unpleasant sensation of ‘‘ booming. 
In a large auditorium, a surfeit of low tones masks the higher ones and impairs the general intelligi¬ 
bility of speech. For this reason, in large public address systems, a volume control should always 
be operated in conjunction with a “ tone control." 

It will be noted that the 50 db. curve is the one which is flattest over the greatest range of 
frequencies, and it is sometimes considered that this is the optimum level of reproduction. 

Sound powers have, so far, been described in relative terms. It is, however, possible to put 
each sound power on an absolute basis. It has been measured that the average power of ordinary 
speech is somewhere between 10 and 15 micro-watts ; on this basis G.W.C. Kaye calculated that the 
continuous talk of a Wembley Stadium football crowd of 100,000 persons represented only enough 
energy to light a small electric lamp throughout the period of the game. It was similarly calculated 
that the acoustic disturbance created by a ship's syren amounts to about 6 micro-watts per square 
centimetre at a distance of about 115 ft. This represented a total dissipation of energy by sound 
of about l/3rd of a horse power. The peak power of the loudest sound in conversation has been 
stated to be of the order of 5000 micro-watts, the power of the faintest sound being in the region 
of 0-01 micro-watts ; this represents a range of about 57 db. The power corresponding to the datum 
line of audibility itself has been variously estimated by different observers. Although there is no 
general agreement about the exact figure, the number 10-^® watts per square centimetre, for a 
free progressive wave of frequency 1000 cycles per second, is now usually quoted by American 
Research workers as the datum line. With this level as a basis, the level of ordinary conversation 
^^ppears as about 100 db. (not 60 db. as quoted above), assuming the average power of ordinary 
speech to be 10 micro-watts. 

Musical sounds have a much greater power range than speech sounds. The peak power produced 
by a large orchestra may be of the order of 100 watts, and the noisiest drum can produce peaks of 
power of 25 watts. 

Noises may, similarly, be expressed in terms of decibels above a datum. Measurements have 
been made over a complete scale of noise levels, from that of an aeroplane engine (110 db.) including 
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in decreasing order of loudness, a roaring lion (90 db.), an average office (45 db.), the purring of f 
cit (about 15 db.), and the noise in an underground vault in N.Y. city (10 to 15 db.). 

Man-made noise and static of various kinds is usually present as a background during the 
re^ption of broadcast telephony signals. In order that any transmission should provide good 
programme value for the ordinary listener, a committee of the I.E.E. recently decided that the 
signal/noise should be not less than 40 db. 

10. The Loudness Unit. The British Standard Phon.—The decibel serves as a useful 
unit for the expression of power ratios, but for the measurement of the relative loudness of sounds and 
noises, a new but related unit, the “ phon," was introduced by the British Standards Institute in 1936. 

The disadvantage of the decibel as a loudness unit is demonstrated by Fig, 3, a different decibel 
level being required to express equality of loudness at different frequencies in the A/F range. A 
unit is needed with which to describe relative loudness, and to express equality of loudness along 
ej?.ch of the equal loudness contours. It was decided to express loudness in terms of the equivalent 
ljudness of a standard reference tone, and to define a datum of equivalent loudness based upon 
rhe R.M.S. pressure at the threshold of audibility 'jf a free progressive tone at 1,000 cycles per 
second ; that R.M.S. pres.sure has been standardised in this country at 0*0002 dynes per square 
centimetre. More accurately, it is an intensity level of 10'^® watts pur square centimetre, corre¬ 
sponding to a sound pressure of 0-000204 dynes per square centimetre, at 76 centimetres of mercury 
and 20° Centigrade. 

Loudness may be expressed as a ratio above this arbitrary datum, the loudness of a sound in 
phons ’’ being numerically equal to the sound intensity in decibels of an equally loud 
1,000 cycles per second pure note. The equal loudness contours of Fig. 3 could be given 
labels in phons equal numerically to the decibel levels of each at 1,000 cycles per second. 

In general, the loudness increases regularly with the intensity of the sound, within the limits 
of audibility, but, unfortunately, loudnes.s is a sensation, the valuation of W'hich depends upon 
subjective considerations such as the way in which the sound is heard, the person making tlie 
observations, etc. For example, in practice it is extremely difficult to say exactly when two sounds, 
such as that of a given cojitiiiuous noise and a multiple of the standard reference tone, are equally 
loud ; in general, it is found relatively easier to decide when one sound is very sliglitly louder than 
the other. 

A hypothetical “ normal " observer can make an accurate decision as to equivalent loudness 
if "'he" listens with both ears to the source of sound and the reference tone, both presented 
alternately from a position directly in front of the observer. A satisfactory approximation to this 
hypothetical being is achieved by taking the average of the subjective decisions of a group of 10 
observers ; it has been estimated that such a group can arrive at a decision with an accuracy of 
± 2 phons. 

Subjective measurements of the above kind can usually only be made in a laboratory, and, 
lor noise research work in engineering, it is very desirable to eliminate the personal equation as far 
as possible, by measuring noise by purely instrumental means. Noise meters usually consist of 
a microphone, ampliher, and indicating instrument; they can be supplied with circuits enabling 
them to approximate in function to the human ear, and to give direct objective measurements 
of loudness which are accurate when applied to pure tones. 

These meters may also be applied to the measurement of the loudness of continuous noises 
which vary in nature from pure tones to " multi equal loudness " tones. With complex noises, 
the reading of the meter may be seriously in error, and satisfactory relative measurement of noise 
can only be achieved if it is previously calibrated in a laboratory, by some subjective equality 
D^ethod; with reproducible noises this is usually possible. 

^ Objective noise meters are particularly valuable in dealing with noises of short duration, when 
there would not be time for any subjective measurement. Meters may be adapted for this purpose 
by the incorporation of suitable time constant circuits wBlch conserve the energy produced during 
the sound impulse, permitting the meter to record a peak value from which it slowly falls. 

In terms of phons the threshold of feehng has been estimated at 130; the noise level in motor¬ 
cars of various types has been estimated to range between 70 and 90 phons. 
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Table I. 


The following conversion table ie bued on the iormuls : 
3 X 10» , /3 X <0* • 


X s= 


/ 


and LC 




f =: frequency in kilocycles per second. 

X = wave-length in metres. 

LC = oscillation constant, in microhenries and jars. 

To obtain the lc value in microhenries and microfarads, the value? given in the LC column 
should be divided by 900. 

It should be noted that wave-length and frequency are recipropal; i.e , 50 metres correspond 
to 6jOO0 kc/s., and 50 kc/s. to 6,000 metres. 


Freauency (/) in 
kilocycles per 
aecond. 

Wave-length (X) 
m metres. 

LC value 
(aug.-jars). 

Frequency (/) in 
kilocycles per 
Becond. 

Wave-length (X) 
m metres, 

LC value 
(mic.-jars). 

300,000 

1 

0-0002533 

6,977 

43 

0-46B4 

150,000 

2 

0 001013 

6.818 

44 

0-4904 

100,000 

3 

0-002280 

6.667 

45 

0-5129 

75,000 

4 

0-004053 

6.522 

46 

0-5360 

00,000 

5 

0-006333 

6.383 

47 

0-5595 

50,000 

6 

0-009)19 

6,250 

48 

0-5836 

42,855 

7 

0-01241 

6,122 

49 

0-6082 

37,500 

8 

0-01621 

6,000 

50 

0-6333 

33,333 

9 

0-02052 

5,454 

55 

0-7002 

30.000 

10 

0-02533 

5^000 

60 

0-91le 

27.273 

11 

0-03065 1 

4,615 

65 

1-070 

25.000 

12 

0-03647 

4,286 

70 

1-241 

23,077 

13 

0-04281 

4,000 

75 

1-425 

21,429 

14 

0-04965 

3,750 

80 

1-625 

20,000 

15 

0-05099 

3,529 

86 

1-830 

18,750 

10 

0-06485 

3,333 

90 

2-052 

17,647 

17 

0-07320 

3.158 

a? 

2-286 

16,6G0 

18 

0-08207 

3,000 

100 

2-533 

15,789 

19 

0-09144 

2,857 

105 

2-793 

15,000 

20 

01013 

2,727 

110 

3-065 

14,285 

21 

0-1117 

2,609 

115 

3-350 

13,636 

22 

0 -1226 

2.500 

120 

3-048 

13,043 

23 

0-1340 

2,30S 

130 

4-281 

12.500 

24 

0-1459 

2,143 

140 

4-965 

12.()(K) 

26 

0-1583 

2,090 

150 

5-699 

11,538 

26 

0-1712 

1.875 

i6p 

6-485 

11,111 

27 

0 1847 

1,765 

)70 

7-320 

10,714 

28 

0-1936 

1,667 

ISO 

8-207 

10,345 

29 

0-2130 

1,570 

190 

9-144 

10,000 

30 

0-2280 

1,600 

200 

10-13 

0,677 

31 

0-2434 

1,429 

210 

11-17 

9,375 

32 


1,364 

220 

12*26 

9,091 

33 

0-2758 ! 

1.304 

J30 

13-40 

8,823 

34 

0-2928 

1,250 

240 

14-59 

8,571 

35 


1,200 

250 

15-83 

8,333 

36 

0-8289 

M54 

260 

17-12 

8.108 

37 

0-3468 

1,111 

270 

18-47 

2,895 

38 

1 

1.071 

200 

19-86 

7,692 

39 

0 3853 

1.034 ‘ 

290 

21 30 

7,500 


0-4053 

1,000 

300 

22-80 

7,317 

41 

0-4258 

967-7 

310 

24*34 

7.143 

42 

0-4469 

937-5 

320 

25*M 
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Table I~—ctmiinued. 


Wai|ttency (/) in 
^ocycles per 
second. 

W^ve-length (X] 
in metres. 

Lc value 
(nuc.-jajs). 

Rrequancy (/) in 
kii^yclos per 
second. 

Wave-length (X) 
in metres. 

LC value 
(miG.-jars). 

909-1 

330 

27*58 

166-7 

1.800 

820-7 

B82-3 

940 

29*28 

162-2 

1,850 

866-9 

857-1 

350 

31 -03 

157-9 

1,000 

914-4 

S33'3 

360 

32-83 

153-8 

1,050 

963-2 

810-8 

370 

34-68 

151-5 

1,980 


789-5 

380 

36-58 

150-0 

2,000 


769-2 

390 

38-53 

142-9 

2,100 

1.117 

4 750 0 

400 


136-4 

2,200 

1,226 

731*7 

410 


130-4 

2,300 

1.340 

714-3 

420 


125‘0 

2,400 

1.4S9 

697-7 

430 


120-0 

2,500 

1.583 

681-8 

440 


115-4 

2,600 

1,712 

666-7 

450 


111*1 

2,700 

1,847 

652-2 

460 


107-1 

2,800 

1.986 

638-3 

470 


t03-4 

2,900 

2,130 

625-0 

480 


100-0 

3,000 

2,280 

612-2 

490 


96-77 

3,100 

2.434 

600-0 

500 


03-75 

3,200 

2,594 

588-2 

510 


90-91 

3,300 

2,758 

576-9 

520 


88-24 

3,400 

2,928 

566-0 

530 


85-71 

3,500 

3,103 

555-6 

540 


BO-00 

3,750 

3.562 

545-4 

550 


78-05 

3.800 

3.638 

535-7 

560 


76-92 

3,900 

3.653 

526-3 

570 


75-00 

4,000 

4,053 

517-1 

580 


71-34 

4,200 

4,468 

508-5 

590 

88-17 

70-59 

4.250 

4,575 

500-0 

600 

91-19 

66-67 

4,500 

5,129 

461-5 

650 

107 0 

63-83 

4,700 

5.505 

428-6 

700 

1241 

63-16 

4.750 

5,715 

400-0 

750 

142-5 

60-00 

5,000 

6,333 

375-0 

800 

162 1 

54-54 

5,500 

7,662 

352-9 1 

850 

183-0 

50-00 

6.000 

9,119 

333-3 

BOO 

205-2 

46-15 

6,500 

10,702 

315-8 

950 

228-6 

42-86 

7.000 

12,412 

300-0 

1,000 

253-3 

40-00 

7.500 

14,248 

285-7 

1,050 

279-3 

37-50 

8,000 

16,211 

272-7 

1,100 

306-5 

35-29 

8,500 

18,301 

260-9 

1,150 

335 0 

34-29 

8,750 

19,393 

250-0 

1,200 

364-8 

33-33 

9,000 

20.517 

241-9 

1,240 

389-5 

31-58 

9,500 

22,861 

240-0 

1,250 

395-8 

30-00 

10,000 

25.330 

232-6 

1,290 

421-5 

27-27 

11,000 

30,650 

230-8 

1,300 

428-1 

25-00 

12.000 

36,476 

222-2 

1,350 

461-6 

24-19 

12,400 

38.948 

214-3 

1,400 

496-5 

23-08 

13,000 

42,808 

212-8 

1,410 

503-6 

21-43 

14,000 

49,647 

206-9 

1.450 

532-6 

20-00 

15,000 

56.993 

202-7 

1,480 

554-8 

18-75 

16,000 

64.846 

200-0 

1,500 

569-9 

17-65 

17,000 

73,204 

V 193-5 

1,550 

608-6 

16-67 

18,000 

82,070 

187-5 

1,600 

648-5 

15-79 

19,000 

91.442 

161-8 

1,650 

689-6 

15-00 

20,000 

101,321 

176-5 

1,700 

732-0 

12-00 

25,000 

158,314 

172-4 

1.740 

766-9 

10-00 

30.000 

227,973 

171-4 

1,750 

775-7 
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Table II. 


Frequency (/) 
in megacycles per 
second Mc/s. 

Wave-length (X) 
in metres (below 
one metre in cm.) 

Frequency (/) 
in megacycles per 
second Mc/s. 

Wave-length (X) 
m metres (below 
one metre m cm.) 

Frequency (/) 
in megacycles per 
second Mc/s. 

Wave-length M 
in metres (below 
one metre in cm. 

30*0 

10-0 

45-4 

6-6 

93-8 

3-2 

30-3 

9-9 

46-2 

6-5 

96-8 

3-1 

30*6 

9-B 

46-9 

6-4 

100-0 

3-0 

30-9 

9-7 

47-6 

6-3 

103*0 

2*9 

31 3 

9-6 

48-4 

6-2 

107-0 

2-8 

31-6 

9-5 

49-2 

6-1 

111*0 

2*7 

31-9 

9-4 

50-0 

6-0 

115-0 

2*6 

32-3 

9-3 

50-8 

5-9 

120-0 

2*5 

32-6 

9-2 

51*8 

5-8 

125-0 

2-4 

330 

9-1 

52-7 

5-7 

130-0 

2-3 

33-3 

9-0 

53-6 

5-6 

136*0 

2*2 

33-7 

8-9 

54-6 

5-5 

143-0 

2-1 

341 

8-8 

55-6 

5-4 

150-0 

2*0 

34'5 

8-7 

56-6 

5-3 

158-0 

1*9 

34-9 

8*6 

57-7 

5-2 

167-0 

1-8 

353 

8*5 

58*8 

5*1 

176-0 

1*7 

35-7 

8-4 

60-0 

5-0 

187-0 

1*6 

36-1 

8-3 

61-2 

4-9 

200-0 

1*5 

36-6 

8-2 

62-5 

4*8 

214*0 

1*4 

370 

8-1 

63-8 

4-7 

231*0 

1-3 

37-5 

8-0 

65-2 

4*6 

250*0 

1*2 

38'0 

7-9 

66*6 

4*5 

273-0 

1-1 

38-5 

7-8 

69*2 

4*4 

300-0 

1-0 

390 

7-7 

69*8 

4*3 



39-5 

7-6 

71*5 

4*2 

(/) in Mv/s. 

(X) in cms. 

40-0 

7-5 

73-2 

4*1 



40*6 

7-4 

750 

4*0 


90 

41-1 

7*3 

77-0 

3 9 


80 

41*7 

7-2 

79-0 

3-8 


70 

42-3 

7-1 

81-1 

3*7 


60 

42-9 

70 

83*4 

3*6 


50 

43-5 

6-9 

85-8 

3-5 


40 

44-1 

6-8 

88-2 

3-4 


30 

44-8 

6-7 

91-0 

3*3 


20 





3,000 

10 





30,000 

1 
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RESUSCITATION FROM APPARENT DEATH BY ELECTRIC SHOCK. 

The urgent necessity for prompt and persistent efforts at resuscitation of victims of accidental 
Quicks by electricity is very well emphasised by the successful results in the instances recorded. 
In order that the task may not be undertaken in a half-hearted manner, it must be appreciated 
that accidental shocks seldom result in death unless the victim is left unaided too long, or efforts 
at resuscitation are stopped too early. 

The result of an electric shock on the body is to affect the nervous system, and the muscles 
contract involuntarily. Those controlling the heart and breathing action are stopped, and the 
patient appears dead. It is imp>ossible to dogmatise on the actual voltage required to give a fatal 
shock. The electrical resistance of the human body is approximately 30,000 ohms when the skin 
is perfectly dry, but may be as low as 200-300 ohms if the skin is wet. In that case a voltage as 
low as 100 has proved fatal. Under normal circumstances any vidtage higher than 250 should be 
considered dangerous [cf. A.3I). 

In the majority of instances the shock is only sufficient to suspend animation temporarily, 
owing to the momentary and imperfect contact of the conductors, and also on account of the 
resistance of the body submitted to the influence of the current. It must be appreciated that the 
body under the conditions of accidental shocks seldom receives the full force of the current in the 
circuit, but only a shunt current, which may represent a very insignificant part of the whole. 

When an accident occurs, the following rules should be promptly executed with care and deliber¬ 
ation pending the arrival of a doctor :— 

(1) Remove the body at once from the circuit by breaking contact with the conductors. 

This may be accomplished by using a dry stick of wood, which is a non-conductor, 
to roll the body over to one side, or brush aside a wire, if that is conveying the 
current. When a stick is not at hand, any dry piece of clothing may be utilised 
to protect the hand in seizing the body of the victim, unless rubber gloves are 
available. If the body is in contact with the earth, the coat tails of the victim, 
or any loose or detached piece of clothing, may be seized with impunity to draw 
him away from the conductor. When this has been accomplished, proceed according 
to (2). The object to be attained is to make the subject breathe, and if this can 
be accomplished and continued, he can be saved. 

(2) Lay the man on the ground, face downwards. Turn his head on one side. No time 

should be lost by removing or loosening clothes. Begin artificial respiration by the 
Schaffer method, at once, as follows :—^Tell one of the bystanders to prepare some 
sort of pad like a folded coat and slip it in under the patient's body just above 
his waist; but do not wait for this. You will probably have performed several 
movements of respiration before the pad is ready and have thus gained all-valuable 
time. Kneel by the patient's side, or across his body facing his head. Spread 
your hands out flat on his back at his lowest ribs, one on each side, the thumbs 
being close to and parallel with the spine. Press gradually and slowly for about 
three seconds by leaning forward on to your hands. Use no violence. Relax 
the pressure by falling back into your original upright kneeling position for two 
seconds without lifting your hands from the patient. The process of artificial 
respiration consists in repeating this swaying motion backwards and forwards 
about 12 to 15 times a minute. The efforts to restore breathing must be carried 
out with perseverance, as in some cases it has been restored after a long period of 
apparent death. Keep the patient warm. 

(3) The dashing of cold water into the face will sometimes produce a gasp and start 

breathing, which should then be continued as directed above. If this is not 
successful the spine should be rubbed vigorously with a piece of ice. It is both 
useless and unwise to attempt to administer stimulants to the victim in the usual 
manner by pouring them down his throat. 
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(4) If tiie ptttiest has b«en biuned, oil should not be used. Stadhsed wool dioald be 
aj^lied. In the case of bums resulting from accidental shock, where the respiratory 
system has not been affected, a patient may appear perfectly well when once his 
bums are dressed. It is important to realise that in all cases of electric shock thei>« 
is danger of hyperstatic fmeumonia setting in. The patient should therefore bie 
kept warm and quiet for at least a day following the accident. 
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W/T TEXT BOOKS, WORKS OF REFERENCE AND JOURNALS. 

The following is a list of selected works which may serve as a guide to any officer or rating who 
wishes to study other aspects of Radio Engineering, or who desires to read other books in conjunction 
with the Admiralty Handbook. 

The selection is in no way an exhaustive one, and works of a highly specialised nature have been 
purposely excluded. 

TEXT BOOKS. 

“Radio Engineering.” By F. E. Ternian. (McGraw-Hill. 1937.—30s.) 

“Principles of Radio Engineering.” By R. S. Glasgow. (McGraw-Hill. 1936.—24s.) 

“ Modern Radio Communication.” Vols. I & II. By J. H. Re 3 mer. (Pitman. 1935.—5s. and 
7s. 6rf., from the publisher.) 

“ Principles of Radio Communication.” By J. Morecroft. (Chapman & Hall. 1933.—37s, 6rf.) 
“Short Wave Wireless Communication.” By A. W. Ladner & C. R. Stoner. (Chapman & 
Hall. 1936—155.) 

“ Foundations of Wireless.” By A. L. M. Sowerb>. (llitfc ik Sons. 1936.—4s. 6i.) 
“Wireless Receivers.” By C. W. Oatlcy. (Methuen Co. 1932.—2s. 6^/.) 

“Wireless Engineering.” By L. S. Palmer. (Longmans Green 6c Co. 1936.—2ls.) 

“ Theory of Radio Communication.” By the Post Office Engineering Department. 
(H.M.S.O. 1934.—7s.) 

ELEMENTARY TEXT BOOKS. 

“ Wireless—Its Principles and Practice.” By R. W. Hutchinson. (London University 
Tutorial Press. 1935.—Ss. 6rf.) 

“ Physical Principles of Wireless.” By J. A. Ratcliffe. (Methuen Co. 1929—2s. 6rf.) 

“The Outline of Wiieless.” By R. Stranger. (Newnes, 1931.—8s. bd.) 

“ Tuning in Without Tears.” By Frank Boyce. (Pitman. 1936.—^2s. 6rf.) 

TEXT BOOKS OF AMATEUR RADIO SOCIETIES. 

“ A Guide to Amateur Radio.” (By Radio Society of Great Britain. Yearly.—6rf.) 

“The Radio Amateur's Handbook.” (American l^adio Relay League. Yearly.—5s. 6rf.) 

HISTORICAL WORKS. 

“ Radio Communication—History & Development.” The Science Museum Handbook. 
(H.M.S.O. 1934.—2s. 6d.) 

NUMERICAL EXERCISES IN ILADIO ENGINEERING. 

“ Problems in Radio Engineering.” By E. T. A. Rapson. (Pitman. 1935.—3s. 6rf.) 
“Classified Examples in Electrical Engineering—Vol. II. Alternating Current.” By S. G. 
Monk. (Pitman. 1933.—3s. 6rf.) 

MORE ADVANCED TEXT BOOKS ; WORKS OF REFEIiENCE. 
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APPENDIX •• E/* 


THE SIGN OF MUTUAL INDUCTANCE. 

(C/. Vol. I, paragraph 161, and Vol. II, Section K.4.) 

In the mathematical analysis of the tuned anode oscillator, and other circuits, some confusion 
has arisen as to the sign to be attributed to the grid oscillatory voltage. If the circuit is regarded 

as a mathematical exercise, the object of which 
is to find the conditions for oscilltition, at the 
beginning nothing is known about the directions 
of the windings of the coils, or which end of (he 
grid coil is to be connected to the grid. Under 
those conditions it may be assumed that the 
grid oscillatory voltage is given by cither 
or — With reference to 

K.6, il the first assumption is made, then if M 
is positive we obtain a vector diagram as shown 
in Fig. 3 of Section “ K," and the circuit will 
oscillate. If the second assumption is made 
(i.ff., — on the vector diagram will 

be reversed and the circuit will not oscillate. 

In mathematical calculations the phases of 
the vectors may be correctly given by saying 
that M itself is negative. Since some early 
writers wrote ~ there has tended 

to arise an idea that M must be negative for a 
tuned anode circuit to oscillate, irrespective of 
what convention is used for positive or negative 
M in other types of circuit, not involving valve 

In practice we are only interested in the phase of the grid input voltage, with relation to the 
current in the inductance in the anode circuit, and we can reverse (his phase by reversing the con¬ 
nections to the grid coil. Thus, so far as the valve oscillator itself is concerned, we can-make the 
voltage applied to the grid cither or — by simply reversing the connections. 

When it is desired to specify the directions of the windings of coils, and the method of con¬ 
necting them up, in practice it is found that if the two coils arc wound on the same former and 
\^ined up like one continuous coil, then-— 

[a] the grid should be connected to one free end and the anode to the other ; and 
(&) the cathode should be connected to the common point. 

Under these conditions the oscillatory grid voltage will be in the right phase for self-oscillation 
and given by +ywMlL, where M is positive by the convention defined in Vol. I. 

Fig. 1 represents an alternative way of drawing the diagram for a tuned anode oscillator. It 
has the advantage of emphasising a common point in the grid and anode circuits. 



oscillators. This, of course, is entirely untrue. 
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A/F amplification in .. 
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H/F amplification in .. 
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A.C. power 
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.. D.IO 
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.. D.19 
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. . N.28 
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T.9 
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D.IG; N.29, 30 

valves for A.C. power 

H.4 

Rectified current: 

in A.C. power rectification 

.. H.2 
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D.3, 12 

undistorted 

M.47. 64 

Rectifier : 

A.C. supply unit 

.. H.15 

full-wave 

D.13;H.3 

half-wave 

H.2 

mercury vapour 

.. H.ll 
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.. 11.10 

Rectifier switch .. 

.. H.7 
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.. N.55 

Reflected load 

. . D.42 

Reflected waves .. 

.. K.14 

Reflecting surface, equivalent height of . . P.9 

Reflection : 
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r.8 
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K.47. 49 
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. . P.5. 9 
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. . T.29 
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Refractive index 

P.5 
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supply . . H.12 

Rejector circuit .. 

. . D.46 
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.. N.50 
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N.(i 

Rc-radiation 

.. r.43 

Resistance ; 
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F.6 
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. . P.41 ; R.32 

eflective, of circuit 

K.4 

equivalent series 

., P.23 

negative .. D.33; F.32; K.3, 65 

radiation 

R.9 

Resonance : 

electron 

.. P.12 
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.. R.18 

Resonance curves ; 

lor R/T reception 

.. N.32 

for W/T reception 

D.40. 43 

Resonant frequency 

.. D.41 

accuracy in determination of 

.. W.8 

Resonator, luminous quartz for wavemeter . . W.6 

Response curves. (See “ Resonance curves.") 

Retro-action 

, . D.32 

Reverse grid current 

. . B.29 

Rheostat, filament 

B.4;P.17 

Ribbon microphone 

.. Nil 

RinRing. 

.. F.39 

Ripple, percentage in power supply 

H.5 
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Roof, of aerial 

.. .. r1.‘ 

Rotary spark gaps 

.. aI; 

Rotating field 

.. xll 

Rotating frame, D/F 

• 1 

S 

Safety arrangements 

.. y ♦! 

gaps. 

.. A. 

of aircraft 

T.26, s 

Saturation current 

.. B.21;K.l 

Scale models, of aerials 

,. R.3 

Scattering of E.M. waves 

P.10, IL 

Scrambling 

.. N.6S 

Screen, earth, (See " Counterpoise. 

") 

voltage 

.. F.34 

Screened aerial .. 

.. T.ll 

coupled.. 

.. N.61I 

vertical down lead, of aerial. . 

.. P.18 

Screen grid valve 

B.41 ; F.34 

Screening, metallic 

.. B.16;D.48 

Search coil 

.. T.14 

Second channel interference 

.. r.49 ; N.63 

ratio 

. . N.64 

Second harmonic 

.. N.46 

Secondary coupling in receivers 

.. D.42 

Secondary electrons 

.. B.24;K.ll 

emission 

.. B.24 

E.M.F. of transfonner 

.. H.L' 

Selective fading .. 

.. N.35;P.14 

Selectivity : 

constant 

.. D.45 

high, of wavemeters . . 

W.S 

in dbs. . . 

.. N.64 

of circuit 

D.40 ; F.19. 20 

of quench receiver 

.. F.55 

of receivers . . . . D.2, 39, 

40, 42. 43, 46 : 
N.25, 64 ; P.18 

of super-heterodyne receiver 

.. F.49 

tuned anode 

.. F.15 

Selector, note 

F.38. 39 

unit, harmonic 

. . K.45 

Self-oscillation : 

in amplifiers .. 

.. F.33 

test for 

. . K.5, 6 

Self-quenching : 

oscillator 

.. W.15 

receiver 

.. R58 

transmitter 

.. K.53 

Self-supporting masts 

.. R.14 

Semi-circular corrector .. 

.. T.34 

error 

.. T.32 

Scnd-receive contact 

.. A.41- 

Sense, determination of 

T.19,rs 

Sensefinder, design of .. 

.. T.2l^ 

Senseflnder, Service 

.. T.Sfit 

Sensitivity of ear 

App. A ‘ 

of receiver D.29 ; F.2D ; N.25, 36, 64 ; App. A.5 

of triode valve in wavemeter 

W.7 

Series, acceptor circuits in 

.. D.4e 

feed 

K.7, 24 

phase aerial 

.. R.47 

valves in 

.. N.22 

Series modulation, 

.. N.22 
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^ B effect 
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N.15-18 

cutting 

D.35 ; N.l. 31 
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.. P.17 
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high speed 

.. F.62 . K.59 

H.T. 

K.57 

methods 
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primary 

.. K.56 
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.. R12 

jingle equivalent aerial 

R.48 

pulse I.C.W. 

. . K.53 

side band system 

N.16, IB 

standard comparison aerial 

.. R.48 

£kin effect 

. . R.23 
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. . P 10 

plope of valve 

. . R.31 

Smoothing unit, design of 

H.5 

Soft valve : 

as power rectifier 

. . B.22 

test for 

.. B.29 

Sound : 
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intensity 

. . N.3 

power in 

App. A.9 

pitch 

. . N.3 

reproduction of 

. . N.50 

Space charge 

,. B.4 

[Spaced vertical aerials . . 

.. R.44 

Spacing vrave 

. . K.58 

Spark attachment, modem 

A.l 

tuning of 

.. W.19 

Spark gaps 

. . A.24 

Spark train frequency . . 

A.2. 20, 23 

Spark transmission 

A.l 

back oscillations in 

. . A.35 

charging circuits for . . 

. .A.Z, 29 

gaps for . 

. . A.23 

tuning for 

. . A.39 

tpectrum* of light 

P.7 

ijpeech . 

N.6 

5* >ot frequency . . 

W.l 
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1 Abilisation, voltage 

K.19. 53; W.15 

H.13. 14 

Stabilising valve, in power supply 
* Stand-by " and " tune " 

.. H.15 

D.42; F.25. 39 

Standard cable, mile of 

App. A.17 

Standard frequency transmissions 

.. W.18 

Staining waves .. N.47 ; 

R.14. 15, 16. 18 

Static characteristics 

.. B.19 

Statics . 

.. D.47; P.18 


Static suppression 
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.P.18 

Stationary waves 

N.47 ; R.14, 15, 16, 18 

Stiff circuit 

D.40 

Stopper, R/F 

.r.48 

Stratosphere 

.P.3 

Straight set 

F25, 39; N.49 

Stray capacity coupling 

.F.33 

Stroboscopic reception of C.W. .. .. i'.57 

Stub matching . . 

.K.38 

Superheterodyne receivers 

F.42. 47 

modem broaricast 

.N.63 

modern H/F 

.F.SO 

modern L/F 

.F.48 

Supersonii frequency 

F.49, 56 

heterodyne 

.F.47 

mod Illation 

.D.4 
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.F.58 

Suppressed carrier system 

.N.18 

Suppie.ssor grid . . 

.D.43 

Supi rnssor gild modulation 

F.5I;N.24, 66 

Surface attenuation of E.M. waves . . P.2 

Surge impedance 

.. N.57;R.36 

Switched diversity 

R.54 

Symbols used in text 

Table II 

Synchronous rotary gap 

.A.25 

T 

" T "-.shaped aerial 
" Tank " circuit 

n.21,42 

.. Kl0;]t.35 

Tapping point, anode 

.. K.17, 18. 33 

Telephone condenser 

.D.7 

transformer 

D.7. 49 

Telephones in receiver . . 

.D.49 

Television frequencies 

.N.15 

Temperature coefficients, of wavemeter com- 

ponents 

. W.ll 

ol atmo.sphere 

. P.3 

of crystals 

.K.42 

Tetrode 

.B.41 

amplification . . 

.F.35 

Thermionic emission 

.B.4 

valve. {Sec " Valve.") 

Thermo-junction, for wavemeter W.6 

Thoriated tungsten filament 

.B.7 

Three-electrode valve. {See 

" Triode.") 

Three-halves ix^wer law . . 

.B.21 

Three-phase A.C., use of in power supplies H.16 

Threshold howl .. 

.F.45 

Threshold of audibility ., 

App. A.9 

Thyratrons 

.B.45 

Tight coupling .. 

.K.29 

Tikker 

.D.25 

lime constant 

.D,6 

of C.lt. circuit 

.. N.27, 29, 39 

of L.R. circuit 

.F.45 

Timing equation 

.K.48 

Tone control 

N.42, 56, 63 ; App. A.9 

corrector 

. N.32 

quality 

. N.d 

Top capacity coupling . . 

.D.45 

Train, tonic 

.. K.53 

Train wafVc .. , 

A.2. 20, 23 

Transducer 

.. R.38 
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Transformation ratio 

.. F,19 

Transformer . 

.. F.17 

coupling 

D.42, 45 ; F.17 

design in receivers 

.. F Ifi 

in power rectification 

F.15;H.9 

in spark charging circuit 

A. 7, 22 

telephone 

.. D,7 

Transient conditions 

Transmission : 

.. A.19 

beam. 

.. R.49 

directional 

.. T.41 

lines 

.. R.36 

safety arrangements for 

.. A.31 

spark. 

.. Api 

standard frequency .. 
unit 

.. W.18 
App. A.l 

Transmitter : 

H/F .. . 

K.35. 36 

modern H/F broadcast 

.. N.66 

simple valve. 

K.2 

Transmitting aerials. “ Aerials, trans- 

mitting/*) 

condensers 

.. A,37 

inductances 

.. A.3^ 

Transmitting systems, comparison of 

K.1 

historical 

K.l 

Transverse wave motion 

R.5 

Travelling waves 

.. N.47 ; R.36 

Tiiode. 

.. B.23 

characteristics of 

.. B.25 

constants of. 

.. B.30 

detector 

.. D.14 

for wavemeter 

. p W.6 

hexode .. 

. p F.51 

inter-electrode capacity of 

K.34, 36. 53 

pentode 

.. F.51 


P.3 

lere 

.. P.3 

neon .B.14 ; H.14 ; W.6 

suned-anode-capncity coupling 
Tuned circuit: 

.. F.15 

position in valve transmitter 

-, K.22 

Tuned feeder lines 

.. R.38 

filter. 

.. R.27 

Tuned-transformer coupling 

.. F.17 

Tuners . p 

.. D,39 

in D/F.. 

.. T.IO 

Tungsten filament 

Tuning; 

,. B.6 

automatic . 

.. N.36 

discrimmatioit in wavemeters 

p. W.9 

indicator 

.. N.36 

of BCriAl A.39 ; D.39, 40 ; R.20 

of emergency spark attachment 

,. W.19 

of receiving circuits .. 

D.39-46; W.l 

Floppy. 

Twin feeders 

., N.38 
.. R.37 

Types of wave modulation 

D.l; K.51 

U 


Ultra-violet radiation .. 

P.3 

Undamped waves 

D.l, 25 

Undulator «. . 

F.62 
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Uniform frai^a . 

Units. £.M.U. and E.5.U.. relation between .. 
Untuned aerial, receiving .. D.39 ; F.39, 43» 4g 

T.IO. U, 19. a 


transmitting . . 

.. R.li 

Untuned feedeis. . 

.. R.3< 

V 

Vacuum, in valves 

. . B.14 

Valve, absorber . . 

.. K.50 

acorn 


Valve (thermionic) 

e; 

anode 

•• 3 

as amplifier. [See ” Amplification.”) 
as detector. (See ” RecUfication.”) 
as generator 

KJ 

as power rectifier. (See ” Rectification.”) 

characteristics. (See " Characteristic 
curves.”) 
constants 

.. B.3( 

demountable .. 

.. B.F 

envelopes 

.. B.i: 

equivalent condenser. . 

-. Fp2i 

evacuation processes .. 

BM 

failure of emisision 

.. B.U 

failure of vacuum 

.. R.lf 

filaments 

.. B.6-< 

five electrode. (See ” Pentode.”) 
four electrode. (See ” Tetrode.”) 
getter .. 

.. B.U 

grid . 

..B.2. 1( 

hard and soft .. 

B.14. 2: 

Holweek 

.. B.F 

indirectly heated 

.. B.t 

^ter-electrode capacity of B.40 ; 

K.34. 36. Si 

isolating 

F.35, 39, 41 

Metro-Vick 

.. B.r 

overloading of 

.. B.2- 

rating of 

B.U ; K.l 

relation between constants of 

.. R.3I 

screen grid. (See "Tetrode.”) 

$eals 

.. BA’i 

silica 

.. B.li 

space charge in 

.. B.21 

stabilising, in power supply .. . 

p. H.ll 

Bvper-power 

F.3< 

symbols for 

.. B.44 

toting circuit for 

. . B.2i 

three electrode. (See ” TricKle-") 
three halves power law 

.. B.2: 

two electrode. (5« ” Diode.”) 

variable-mu B.32; N.S3, 44 

water cooled . 

.. B.li 

Valves in cascade: 

.. F.' 

in parallel 

F.30; K.S 

in pnsh-pull F.26— 29 ; 

in senes 

.. 

Valve trana,mission: 
aerial excitation in .. 

K.28^ 

.modo tapping pomt in 

K.17,18. a 

classification . 

., K«2 

coupling in 

K.a, 9. i 

of . 

K, 1 
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|1 in. 

.. K.24 


putney jump in 

.. .. K.29 


puency variation in 

K.37, 38 

1 

U excitation in 

. . K.23 


supply for 

H,l. 16 

p 

(nnonics produced .. 

.. K.n 


Bh frequency 

K,35. 36 

ic.w. .. 

. . K.53 

Ukaster controlled 

.. K.39 

lUximum power m .. 

.. K.17 

negative grid bias in . . 

.. K.15 

neutralisation of 

j^rtially tuned grid circuit in 

K.39-41 

.. K.16 

phasing in 

.. K.6 

|)05ition of tuned circuit in . . 

. . K.22 

push-pull 

radio-telpphony 

. . K.34 

. . N,8 

typical self-oscillatory 

K.5. 7. 8, 9, 54 

In der Bijl 

. . N,23 

Irioineter 

F.20 ; W.G 

llocity of E.M. waves 

P.l ; R.2 

irtical aerials, spaced . . 

. . R.44 

effect 

T.fl 

polar diagram 

.. R.40 

rtual cathode ,. 

. . F.51 

Dice operated A.G.C. . . 

.. N.39 

Dltage : 


amplification .. 

F.1;N.46 

amplification factor . . 

F.4; K.19 

distribution in aerials 

.. R.15 

gain in decibels 

App. A.4 

regulation in rectified A.C. supply 

.. H.12 

stabilisation in rectified A.C. supply H.13. 14 

Dltmeter, peak 

11.2 

}lume control automatic 

N.35, 63 ; P.18 

manual 

W 

N.33, 34 


ave : 

antenna .. .. R.52 

classification of wireless D.l K.51 




Soctfen 
A: pen. 

Wave— (conid.) 

continuous (undamped) 


.. D.l 

electromagnetic (aether) 


.. p.l: R.i. 2 

front 


. • R.fil 

ground and sky 


P.2 

guided .. 


.. R.13 

indicators 


.. W.l 

length. 


R.5 

longitudinal 


R.5 

marking and spacing 


.. K.5B 

modulated 


X.51 

motion .. 


.. R.5 

reflected 


.. R.14 

stationary 


.. N.47; R.14 

-tester .. 


W.l 

train 


. A2, 20, 23 

transverse 


.. K.5 

-trap 


.. D.46 

travelling 


.. N.47 ; R.36 

Wave band, M/F, reception 

on 

.. P.15 

Wavemeter 


.. W.l 

absorption 


W.3. 13 

accuracy of 


.. W.2, 8 

and oscillator, use of . . 


.. W.16 

constancy of components 


.. W.IO 

exterior coupling to .. 


.. W.12 

indicating devices for. . 


W.6 

sharpness of tuning . . 


W.9 

temperature coefficients of components .. W.ll 

uses of .. 

,. 

W.l 3, 14 

Wheatstone bridge 


.. F.34 

Working point 


.. B.27 

X 

X-rays 


R.2 

Z 

Zeppelin aerial 


.. R.W 

Zero power level 


App. A.5 

Ziehen effext 


K.29. 30 

Zig-zag aerial 


.. R.46 
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